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ABSTRACT 
The absolute cross section for the reaction, He 3{a, y) Be 7 , has 
been measured over the range of energies 181 ~ E ~ 2493 keV, using 
em 
a gas target behind a thin nickel entrance foil. Calibrated Nal(Tl) 
crysta ls were used to detect the prompt capture radia tion. Over the 
entire energy region the measured total cross section and branching 
ratio confirm theoretical predictions based on calculati ons neglecting 
the contributions to the matrix elements from the region inside the 
nuclear radius·. These cross-section measurements have been used 
to. obtain a new va,.lue for the low-energy cross-section factor, S
0
, for 
this reaction {S = 0. 4 7 ± • 07 ke V barns}, and this value has been used 
0 . 
to reevaluate the importance of the He 3 (a, y)Be 7 reaction in the termi-
nation of the proton-proton chain in nuclear astrophysics. 
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· I. INTRODUCTION 
In the study of nuclear astrophysics, one of the important series 
of . nuclear reactions is the proton-proton reaction chain for converting 
hydrogen into helium. Once three protons have been converted into He3 
by the reactions, 
1 :t 2 3 H(p,{3v)D (p,'Y)He, 
there are four ways that the chain might be completed by converting the 
He 3 into He 4 : 
3 .4 :t 4 ( l) He (p, "Y)Ll. ({3 v)He 
3 7 - .7 4 (3} He {a, 'Y)Be (e , v}L1 (p, a}He 
Termination {l) has been studied (Bashkin et al., 1959) with the conclu-
sions that Li4 is not particle stable and hence that termination (l} is not 
an important way to convert He 3 into He 4 • The relative importance of 
terminations (3} and (4} has been investigated by Kavanagh {1960} with the 
conclusion that termination {4} will dominate termination (3} only in stars 
with effective operating temperatures greater than 20 x ' 106 °K. The 
relative importance of terminations (2) and {3} {or {2) and (4)} depends 
on the relative rates of the two He3 -burning reactions. The importance 
of determining the roles of terminations {2} and {3} lies in the fact that 
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3 (2) requires the production of two He 1 s, via the extremely slow 
H l( {3+ )D2 · f h H 4 d d h.l . t. (3) p, v reaction, or eac e pro uce , w 1 e term1na 10n 
requires only one He3 for every He 4 produced. Thus, in a star, with 
.:tny appreciable amount of He 4 , operating entirely on (3) the He 4 pro-
duction rate will be doubled, and the rate of energy generation almost 
doubled (x 1. 95, due to the additional neutrino losses in the Be 7 decay), 
compared to a star operating entirely on termination (2). Hence, there 
:s interest in investigating the relative rates of the two reactions, 
... ' 
3 (H 3 2 ) H 4 d H 3 ( ) B 7 d . . 1 . d . . 
.'-le e , p e an e a,'( e , an , 1n partlcu ar , 1n eterm1n1ng 
'.:;he magnitudes of their cross sections at energies of the order of 20 
:<::.eV. These arguments indicate one of the main reasons for investi-
. 3 7 gating the reaction, He (a, '()Be • 
Another important reason is supplied by the theoretical interest 
in the clar_cs of : 1 direct-captu:re1 1 reactions of which this reaction is a 
member. Such reactions may be qualitatively visualized as a process 
wherein the incident particle is captured non-r e sonantly from a con-
figuration of definite angular momentum, decaying by gamma-ray 
emission to a lower lying nuclear level. Calculations of the behav-
ior of the cross .sections of such ·'reactions have been developed inde-
pendently by Christy and Duck {1961) and Tombrello and Phillips (1961). 
In the reaction He3 (a,.'()Be 7 , the entire range of bombarding energy 
from 0. 0 to almost 7. 0 MeV is free from any interfering nuclear levels, 
and thus this reaction also provides an excellent opportunity for studying 
the valid ity of the theories noted above. 
Because of these reasons, this reaction has not gone unnoticed 
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until the present investigation. In 1957, on the basis of estimates by 
Salpeter (1952) as to the mean reaction lifetime of He3 in stars, Cameron 
{1957) calculated a 11 zero-energy cross-section factor 11 , S , (Burbidge 
. 0 
et al., 1957) of 0. 6 eV -barns for this reaction. Holmgren and Johnston 
(1959) investigated the reaction experimentally and arrived at a value 
for S of l. 2 keV -barns, (2000x larger than the previous estimates). 
0 
On the basis of this determination, Fowler (1958) has shown that for a 
star with equal Il?asses of hydrogen and helium the He 3 (a, y)Be 7 termi-
nations will dominate the He 3 (He3 , Zp)He 4 termination when the temper-
. 6 0 
ature is greater than 12.5 x 10 K. 
In the summer of 1959, however, Griffiths (1959) indicated that 
preliminary measurements of the H 3 (a, y)Li 7 reaction (later sub stan-
tiated - Griffiths. et al., 1961) showed a marked disagreement with those 
measured by Holmgren and Johnston (1959) at the same time as their 
work on the He3 (a, y)Be 7 reaction. Griffiths' work indicated cross sec-
tions for H 3 (a, y)Li 7 approximately a factor of two larger than those 
reported by Holmgren and Johnston. A preliminary investigation of the 
He 3 (a, y)Be 7 reaction in 1960 by this author indicated further disagree-
ments with the measurements of Holmgren and Johnston. In this case, 
however, the cross sections of Holmgren and Johnston were a factor of 
two large r than the new results. 
It was in the light of these disagreements and in. view of the 
interest in and importance of the reaction·, as noted above, that the 
following investigation of the He 3 (a, y)Be 7 reaction was carried out. 
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II. THEORETICAL DESCRIPTION 
A reasonably successful theoretical description of the class of 
direct-capture reactions has been developed independently by Christy and 
Duck {1961) and Tombrello and Phillips {1961). The b a s i s of calculations 
made on this description is the 11 extra-nuclear11 approx imation under 
which all contributions to the matrix elements from the region inside 
the nuclear radius are neglected. This allows the wave functions for 
the initial and final states to be expressed simply in terms of free- and 
bound-state Coulomb wave functions, without any need to consider the 
problem of nuclear forces. Such an approximation, neglecting the in-
terior contributions, will, of course, not always be valid, especially 
in the neighborhood of nuclear resonances, or levels in the compound 
nucleus. It will, however, tend to be valid in regions removed from 
such resonances and where the phase shifts of the principal i.-waves 
involved in the capture can be described in terms of hard-sphere phase 
shifts over large energy ranges, indicating little or no overlap in the 
nuclear region. These conditions are reasonablywell satisfied in the 
region of Be7 between the {He3 + He4 ) threshold at 1.587 MeV excita-
tion and the neighborhood of the 7/2- state at 4. 54 MeV excitation, 
and therefore a study of the He3 (a, '{)Be 7 reaction in this region is a 
good way to test the validity of this description. 
4 3 3 4 In addition, rather thorough investigations of the He (He , He )He 
elastic scattering in this region (Miller and Phillips, 1958; Jones et al., 
1962; Tombrello and Parker, 1962) have provided accurate determinations 
of the various phase shifts necessary for an accurate specification of the 
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initial-state wave functions needed for the calculations described below. 
For these caiculations the extra-nuclear approximation is retained, but 
the previous descriptions are expanded to take into account the contribu-
tions from all P. -waves up through P. = 3. 
In general, (Moszkowski, 1955 and Weidenmuller, 1962) we can 
write the differential cro·ss section from Fermi1 s golden rule as 
2 
where n(E) is the density of states function, 
v is the velocity of the incident particle, 
p is the polarization of the emitted gamma ray, 
s is the channel spin of the system, 
mf 1./lf is the final-state wave function with magnetic 
quantum number, mf, 
m. 
1./J . 1 is the initial-state wave function with magnetic 
l 
quantum number, m . , and 
l 
where the interaction Hamiltonian for a gamma ray with a 
nuclear system is 
1- -
Hint= - c j • A 
where j is the nuclear-charge current vector, and 
-A is the vector potential of the gamma-ray field. 
Since we are considering the case where a photon with polariza-
-:i<p 
tion {p) is created, we will take just the A part of this Hamiltonian. 
Normalizing the total energy to 1i w in a volume, V, we can write the 
-6-
-electric field strength, E , as 
- l-A = n(E 
where xf is a spherical unit vector in the direction p. and 
where K is the gamma-ray momentum, K = ~K 
c 
Therefore, 
H. t:::: 
1n 
--
..!.. --....-....... 
( 1 ) ~rr1iwF
O~ - ".cp -iK· r 
-.- --- J • X e . 
1W V 1 
->!<p -i K • r x1 e can now be expanded in multipoles as, 
--
-+->:<p -i K. r xl. e ~ ~ L >:<M r-,:•M ->!<M j :c /_; /_;~O1q{Oi+lF (-i) DL ,p AL (m)-ipAL (e) 
L=l M=-L 
*M - -*M where DL ,p is an element o£ the rotation matrix and where j • AL (e) 
can now be written, via Siegert1 s Theorem, as 
j _,!<M iL+l AL (e) =: -ice ~ -y:-
.[L+l 
Kr << 1 -1ce ~ --y:;-
jL(Kr) 
(Kr)L 
{2L+ 1)! { 
·'· M y~ 
In the same long wavelength approximation, we can write (Moszkowski, 
1955) 
__,. -K~:c M 
j • AL (m)= -ic KL j LL+l (2L+l)!! 
e1i _. 
+ 2m c f.J.O" • 
p 
L M>:< (grad r Y L} 
L M>~ (grad r Y L) J 
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where m · is the mass of the proton,· p 
p. is the magnetic moment in nuclear m a gne tons, 
L is the angular momentum operator, and 
cr is the Pauli spin operator. 
For Ml this reduces to 
-M 
where xl . is again a spherical unit vector. 
Hence, our Hamiltonian may now be written out explicitly as 
follows, limiting our interest to El, Ml and EZ transit ions, since we 
have indicated that we will consider only partial wave s with i.. .:S::: 3: 
1 
H { Zil'1i )2 
int = wV 
\{{ -l)M(i) e1i K n':< M, p {L + fJ. -;) :x-M L Zm 1 1 
M p 
~ >:<M,p >:<M 
+ ~ - 3- pceD1 KrY 1 
. j;- >:< M, p 2 2 >:c M} 
- 1pce ~ T5 D Z K r Y z . 
1 
F t. · t th t [ 1' ce K {Zwil'Vfl )2 ] d · ac or1ng ou e common cons ants, , an remov1ng 
them from the matrix element we are able to write, where the density 
of states is 
dn (E) dn = 
where e~ t is now expressed as 
ln 
1 
Zs+ l 
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Hint= I{(-l)M 2:: c 
M p 
D >!<M,p - - - -M 1 (L + f.J. CT ) • X l 
.. ~ 4n >!<M,p >!< M 
-1. ~ 3 P Dl r yl 
2 >!< M} Kr Y 2 
Actually each of these expressions contains an implicit summa-
tion over the contributions of all the nucleons in the system . . Hence, we 
should really write 
{L + f.J. -; >-\ <~ L. + f.J.· -; > L A. J J J j J 
r ytM-2: >!<M z .r. Y 1 (e . ,¢. ), etc. J J J J 
j 
This implicit summation can be made explicit, considering two parti-
cles, i.e. a He 3 and a He4 nucleus, and expanding in the center-of-mass 
system. In this way we can write 
I 
j 
z. 
(_.LA L. + f.J. • ;; ) 
. J J J J 
I 
j 
I 2 ·'·M z.r. y'2'' (e.,¢ .)= J J J J 
j 
where r, e and ¢ are now the relative coordinates of the two particles, 
and we can now write e~ t in the form l.n 
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. w'lr >!' M.p 
-1 - p D 3 l 
>'' M AlA2 2 zl z 2 2 >'< M} 
- pD .- ,p( ) (- + )Kr y ' 
2 . Al +A 2 A~ A 2 2 2 
h 0 h h f h .th 0 1 0 0 f w ere z. 1s t e c arge o t e 1 parhc e 1n un1ts o e, 
1 
where A. is the mass of the ith particle in proton-mass units and 
1 
where these terms correspond to Ml, Eland E2 radiation respec-
tively. 
The differential cross section was calculated from the expression 
l 
L.SIT 
using the above form of the interaction Hamiltonian and the following 
initial-state and final-state wave functions. 
The initial- state wave function outside the nucleus may be written 
in the usual way as a partial wave expansion of the incident Coulomb dis-
torted plane wave plus the outgoing Coulomb distorted spherical wave. 
where 
. 1 e .x. 1+1 1 v 1 ian { 0 s::+ ~ 4rr(21+ 1) (1) kr 21+ 1 e 
4rrf. (1+ 1) 
21+1 " (
. )f. e 1 · ia 1 { io+ 
1 kr e 
-m. 
1 X 1 
2: 
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± ± R 1 ::: cos 61 F1 (kr) + sin 
F.£ (kr) and G.£ (kr) are the regular and irregular Coulomb functions, 
.£ 1 
a - L tan- (11/s), 
.£ - s =1 . 
± 1 6.£ are the phase shifts for j = .£ ± 2 • 
The actual phase shifts used for these calculations were taken 
from the elastic- scattering work cited above and are listed in Table II. 
These experimentally determined phase shifts can be described as fol-
lows: 
( 1) 6 
0 
is consistent with the hard- sphere, s -wave phase shift 
for R = 2. 80 f. over the entire range of this experiment. 
0 
(2) + -o1 and o1 are negative but are not consistent with such a hard-
sphere description. The values of these phases were taken 
from the elastic-scattering experiments, down toEa== 3. 00 
MeV. At that point the p-wave, hard-sphere phase shift 
was normalized to these experimental values and used to 
determine the p-wave phase shifts at lower energies. 
(3) S~ and S~ are both consistent with the R
0 
::: 2. 80 f. hard-
sphere, d-wave phase shift over the entire range of this 
experiment. In agreement with this, S~ = o;, and the 
initial wave function was simplified accordingly. 
(4) o~ and o; are not consistent with a hard-sphere descrip-
tion but are governe d by the two .R. = 3 resonances just 
above the range of the present experiment. 
-ll -
The final-state wave function may be written in the following ex-
3 pansion , considering our final states as a p-wave He orbiting around a 
4 H e: 
where Uf(r) is taken to be the Whittaker function , V{y_ ,Q (Kr), the boun d -
state Coulomb function, 
0 
where 
2 /-"2 CL - z1z 2e !J. nK 
K :: J 2!J.EB/i'12 
!J. = A 1A/(A1 + A 2 ), and 
EB is the binding energy of the final state. 
The normalization oi Uf{r) is defined in terms of the reduced width, e2 , 
2 2 
such tha t if the Wigner limit i s taken to be 311 / 2!J.R , then 
0 
R uf2 (R ) 0 0 
w he re R 
0 
m. 
Combining '41: J. , 
J. 
is the nuclear radius. 
mf 
l.j;f and Hint and performing the necessary algebra, 
one can reduce the · du(8) · . expression for crrr- to the form (Tombrello and 
Parker, l9 62a), 
do-(6 ) 
(:112 = 2 3 4 u 0 {1 + a 1 cos 8 + a 2 cos 6 + a 3 cos 8 + a 4 cos 8 ) 
from which utotal can be evaluated as 
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The coefficients, (o-
0
, a 1 , a 2 , a 3 and a 4 ), are complicated func-
tions of the various radial integrals involved. The evaluation of these 
integrals and their combination to form the various coefficients were 
performed on the Burroughs 1 220 computer. 
It is probably worthwhile to pause a moment here to consider 
briefly the mann~r in which these radial integrals were evaluated. These 
integrals were all of the forms, 
co 
s uf a r F1 dr 0 ~a ~O 
R 0 ~£ ~P 0 
co 
s uf r a G 1 dr 
R 
0 
Rather than feed the individual wave functions into the computer for each 
case, the computer was programmed to generate Uf, F .R. and G .R. for the 
various integrals, using the method of finite -difference continuation. 
The wave functions thus generated checked to better than one per cent 
against the integral evaluation of W a £ {Kr) and the Coulomb function 
' 
tables of Tubis {1957}. 
The method of finite-difference continuation utilizes the sum of 
the Taylor• s series expansions 
6 to terms of order {o } , 
for f(x + o} and f(x -o) to write, correct 
0 0 
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For the case of the unbound Coulomb functions, F.Q (p) and G 1 (p), 
II 2Tj i_ {l+l) 
F 1 (p)/F1 (p}=(-l+-+ 2 } etc., p p 
while for the bound- state Coulomb functions 
Since we will be performing our integrals in increments of r, where 
p = kr, (o} in the expressions a bove becomes (ko}. Therefore, defin-
ing 
o2k2 fll(p) 
q(r) = l- --12 f(p) 
we can now rewrite the above as 
f(r +o) q(r +o) + f(r -o) q(r - o) = f(r ) [12 - lOq{r )] 
0 0 0 0 0 0 
where for the free Coulomb functions, 
o2k 2 2,., i.(P.
2
+l) ) q (r) = l - -- ( -1 + - + ---'-,..---'-12 p p 
and for the bound-state Coulomb functions, 
-14-
For the bound state functions, two sta rting values were obtained at large 
radii, R + N6 and R + {N -1) 6, using a WKB approximation {Tombrello 
0 0 
and Phillips, 1961), and the complete wave function was then extrapolated 
inward to the nuclear radius by the method described above. Similarly, 
for the irregular, free Coulomb function, G i. {p), a corrected WKB ap-
proximation {Tombrello and Phillips, 1961) was used to obtain two start-
ing values and the rest of the function extrapolated inward as above. 
For the C?-Se of the r egular Coulomb function , Fp_ {p ), however, 
due to problems with the accumulation of error in the inward extrapola-
tion, the process was reversed, and two starting values were calculated 
at R and R +6 from the expressions of Tubis {1957), and the rest of the 
0 0 
function then extrapolated outwards in the manner of continuation de-
scribed above. 
Once the wave function s had thus been generated, the various 
radial integrals were carried out numerically by the computer, using 
the trapezoidal rule, and then combined to form the coefficients, (O" , 
0 
a 1 , a 2 , a 3 and a 4 ). 
Calculations of the sort described above were carried out for 
both of the possible gamma-ray transitions over the entire range of the 
experiment. The results of these calculations are presented in detail 
in Part V. 
It is interesting to note in conclusion that the only possibly ser-
ious approximation that has been made in this discussion is the neglecting 
of the contributions to the m atrix e leme nts of the interior regions of the 
nucleus. That thi s is not, in fact, a serious approximation in the 
-15-
present case is discus sed in Part V. It is also worth noting that over 
the entire range of energies covered in this experiment there are only 
three parameters, {the nuclear radius, R , and the reduced widths of 
0 
the two final states), which are free to be varied to make the theoretical 
predictions fit the experimental observations. 
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III. EXPERIMENTAL APPARATUS AND PROCEDURE 
A. Target System. 
In line with what was already d~scussed in the introduction, we 
.would like to measure the cross section for the He 3 (a, -y)Be 7 reaction 
over as large a range of energies a ·s possible. To accomplish this, 
incident alpha-particle beams of various energies were utilized from 
th e 2-MV and 3-MV Van de Graaff accelerators in Kellogg and the 6-MV 
Tandem Van d e Graaff accelerator in Sloan. With all three of these 
accelerators 90° magnetic analyzers were utilized to obtain relatively 
monoenergetic incident alpha-particle beams of known energy , with 
typical energy resolutions of about 0. 002. One aspect of the design 
of the experiment already indicated in the above is the choice of He 4 
as the accelerated particle rather than He 3 This d e cision was made 
b ecause of the tremendous background reduction achieved by acceler-
ating the much more tightly bound alpha particle and in spite of the 
large r energy losses involved with the alpha-particle beam and the 
further reduction of the energy available in the center -of-mass sys-
t ern , (3/7 of the bombarding energy for He 4 as compared to 4/7 for He 3 ). 
The chemically inert nature of the He 3 target required the use 
of a gas target; the construction and design of this target are shown 
in Figures 2 and 3. This system was used f or all the runs on the 3-MV 
and Tandem accelerators. The system on the 2-MV accelerator, al-
though basically the same, was not as adequate in many ways such as 
the prevention of carbon build-up on surfaces s truck by the beam. 
Howe v er, since the work on that accelerator served only as a 
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preliminary investigation, the details of that work will not be discussed 
here. 
Beyond the image slits of the magnetic analyzers and just in 
front of the rest of the target assembly shown in Figure 2, on both the 
3-MV and the Tandem accelerators was located an orthogonal slit sys-
tem which could be used for preliminary beam definition or for further 
r egulation of the accelerator voltage. Also located in that region was 
an oil diffusion pump with a liquid nitrogen trap and an ion gauge. Dur-
-6 ing runs this vacuum was typically 10 mm or b e tter and never worse 
-6 
than 2 X 10 mm. 
The scale drawings of Figures 2 and 3 i ndicate in detail the 
construction of the target assembly beyond the slit system and the dif-
fusion pump. The ion gauge in the body of the Circle-Seal valve typi-
-6 
cally indicated pressures of 4 X 10 mm or smaller during runs. The 
long cylindrical cold trap in the beam t ube immediately down stream 
from the pump and slits and just in front of the ion gauge served to 
reduce the amount of organic material getting into the neighborhood 
of the target. All this concern about the problem of carbon build-up 
and contamination was necessitated by the serious background problems 
. 13 16 
encountered from the neutrons produced by the reactlon, C (a, n)O • 
This was probably ·,the most bothersome contamination reaction in this 
experiment, and consequently great effort was expended to reduce the 
amount of carbon present in the region of the target. This involved 
the trapping described above, the removal of all unnecessary 0-rings, 
the substitution of glass for lucite wherever electrical insulation was 
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required and the use of special low-vapor-pressure waxes for the 
necessary glass-to-metal seals. It is clear from the work of Spear, 
Larson and Pearson (1962) that more drastic measures could have 
been employed to good advantage as far as improving the vacuum and 
reducing the carbon build-up are concerned. In any case the present 
set up was sufficiently effective to make this experiment feasible. 
Beyond the trap and ion gauge described abov e , the next sig-
nificant feature of the target assembly is the pair of beam-defining 
apertures. These were made of . 010-inch tantalum, press fitted 
into their stainless steel retainer and then drilled to a . 070-inch-
.diarneter hole. These were used for the final beam definition, to 
prevent the beam from striking any part of the foil holder, the elec-
tron suppressor or any of the insulating material. The thin-walled 
stainless steel tubing immediately beyond the apertures served to 
isolate the wax glass-to-metal seals from the heat dissipated by 
these apertures. The pyrex glass tubing beyond this isolated the 
electron suppressor electrically from these apertures, while the 
second piece of pyrex tubing, on the other side of the suppressor, 
served as electrical insulation between the target and the suppressor. 
The suppressor itself was operated at a -300 volt d. c. potential and 
served to prevent secondary electrons from reaching the target from 
the beam -defining apertures. 
The heart of the target assembly lies in the foil holder, the 
thin nickel entrance foil and the gas cell and associated gas -handling 
manifold. The entrance foil was soldered to the foil holder using 
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indium metal because its low melting point reduced the danger of dam-
aging the nickel by splattering from the flux or by oxidation. For the: 
high-energy runs, those with initial alpha-particle energies of 2 MeV 
0 
and greater, 6, 250-A nickel foils were used. However, at energies 
0 
below 2. MeV we were forced to switch to 5, 000-A nickel foils on which 
0 
about 1000 A of copper was evaporated to improve the thermal conduc-
tivity of the foil. In. this manner we were able to use beams of at 
least 0. 4 !JA over. the entire range of energies. The nickel foils were 
obtained from Chromium Corporation of America, Waterbury, Con-
necticut. 
The gas cell was made of stainless steel. The sides were 
. 006 inches thick, and the back was • 014 inches thick. The cell was 
then lined with an additional • 003 inche s of platinum to reduce back-
g round radiation. The depth of the cell was .530 inches which, allow-
ing for the platinum liner and. the .180 -inch insertion of the foil holder, 
makes the effective length • 34 7 inches. The size of this entire system 
was limited by the requirement of being able to u s e it inside the 5/8-
inch-diameter well of one of the Nai(Tl) detectors. 
A thin metal tube was soldered into the side of the gas cell, 
leading to the gas -handling system. The gas -handling system, shown 
schematically in Figure 4, was designed to permit the target gas to be 
. 3 4 . 
changed quickly from He to He for measurement of the background 
counting rate. At pressures of 100 mm and lower the pressure was 
read directly on a closed-end mercury manometer. For higher pres-
sures, the measurements were made on a bourdon gauge which was 
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later calibrated with a mercury manometer. Pressures used ranged 
from 100 mm at low energies to 494 mm at the higher energies where 
the ene rgy loss in the target was not as severe and not as important. 
The purity of the He3 gas was taken as stated by the supplier, Mound 
Corporation, Miamisburg, Ohio. It varied from 99.13 % to 99 . 33o/o . 
The temperature of the g;;ts cell {cooled by compressed air) was de-
termined as approximately 30° C. Robertson, et al. (1961) point out 
that there may well also be a temperature differential within such a 
gas target caused by local heating by the incident beam so that the gas 
along the beam path, where the interaction is taking place, is actually 
substantially hotter than the target chamber. Such local heating should 
be proportional to the beam current (the rate of heat deposition) and 
therefore should lend itself to measurement as a function of beam 
current. In the present experiment, the effect was measured by l ook-
ing at the leading edge of the l. 518-MeV resonance of the reaction 
B 10 (a,p)C13 using a thick B 10 t arget at the back of the target chamber 
with a target of He 4 at a pressure of 368 mm. The beam current was 
varied from 0. 5 !-LA to MK1~-iAI and the energy shift of the leading edge 
of the resonance measured. Linear extrapolation t o room temperature 
at zero beam current leads to an effective temperature of 345°K for a 
beam current of 0. 45 !-LA, the typical current used in this exper iment. 
A simple calculation on the basis of heat transport by conductivity by 
the helium gas , however, allows a temperature differential of only 5° C 
between the beam path and the target-chamber walls. The only way to 
understand the size of the observed effect, then, . seems to be in terrris 
of intense l ocal heating at the entrance foil and to a smaller extent at 
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the beam stopper. Indeed, a similar calculation on the b a sis of the 
conductivity of the entrance foil, yields a ternperature differential of 
75°C between the beam spot and the brass foil holder. From the above 
information regarding the length, temperature and pressure of the tar-
get it is possible to determine directly the numb e r of tar g et nuclei 
2 . . +19 -2 pre s ent per em a long the beam path, typ1cally 10 em . 
The charge of the incident beam was colle cted in the gas tar-
get which was connected to a current integrator arranged to stop the 
various scalers and multi-channel pulse-height analyz ers after the 
accumulation of a particular amount of charge, i.e. a particular num-
ber of incident alpha particles. The entrance foil w a s included in the 
colle ction system , and therefore any corrections for the e ffective 
charge of the incident alpha particles were made unnecessary . The 
target was operated at a+ 300 volt d. c. potential to prevent secondary 
emission. For runs on the Tandem accelerator the charge collection 
of the beam integrator was calibrated using a measured, constant cur-
rent and noting the time required for that current to fire the integrator. 
For runs on the 3 -MV accel erator the firing voltage was measured on 
a meter, and the value of the capacitance was taken as 9 . 45 ± • 02 tLf 
as determined independently by Kavanagh and Brown by charging the 
capacitor to a known voltage and then measuring the current and time 
required to discharge it through a 600 volt battery in series with a high 
resistance, ~ 500 M r.l (Brown, 1962). Such calibrations, except for 
the determination of the capacitance, were made at the beginning and 
end of each running day. From this information the number of incident 
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particles can be determined. For these runs t h e t o t a l charge accumu-
lated at each point was of the order of 2.500 p.C, l. 56 X 10+ 16 incident 
alpha particles, for the He 3 target and an equal amount for the He 4 tar-
get. 
B. Detection System. 
Having discussed the determination of the number of target 
nuclei and the number of incident, bombarding nuclei, we must now 
concern ourselve-s with the d e tection and m e asureme nt of their inter-
action. The interaction under study involves the emission of prompt 
gamma radiation. Nal{Tl) scintillators were used to detect this radia-
tion. 7 (The residual nucleus, Be , being radioactive, the experiment 
could have been run by counting the 478-keV garnn1a rays involved in 
12% of the decays. However, the 53-day half-life of B e 7 and the fact 
that such a measurement would yield no information about the branch-
ing ratio and angular distributions involved make this a much less 
desirable way to proceed than detecting the prompt capture radiation.) 
The scintillators were optically coupled to photomultiplier tubes. and 
the signals from these fed through the usual ·electronic circuitry to be 
stored in a multi-channel pulse-height analyzer. This analyzer was 
gated by a relay in the current integrator so that the stored pulses 
corresponded to interactions associated with a certain number of inci-
dent alpha particles. Since the multi-channel analyzer requires a 
certain finite amount of time for the analysis of each pulse, during 
which it will not accept additional pulses, there is associated with its 
operation a certain amount of dead tiJne. Corrections wer e made for 
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this by recording for each integration the actual clock-tin1e of the ru:i'l 
and the live-time of the analyzer and then multiplying the stored spec-
trum by the ratio of the clock-time to the live -tin1e. This correction 
was always small, the ratio being l. 00 for more than 80o/o of the runs 
and always less than 1.17. 
Three sizes of crystals were used in the experim ent, a 2 11 X 2 11 
solid cylindrical crystal, a 311 X 3 11 solid cylindrical crys tal and a 
311 X 3 11 cylindrical crystal with a 3/ 4 11 -diameter by zn-deep well along 
its axis. These were all obtained from The Harshaw Chemical Com-
pany, Cleveland, Ohio, and were of their Integral Line type. The 
geometries in which these were used are shown in Figure 5. The to~:al 
efficiency (T) ) of each of these was calculated for the geometries in-
o 
valved in the experiment, for both isotr opic and sin2 e radiation patterns 
·and for the range of gamma-ray energies from 0. 400 MeV to 8. 00 MeV. 
For the details of these calculations see Appendix I. 
Such calculations assume a 11 free 11 crystal, one with no shield-
ing and removed from all sources of scattering. This situation can 
not be utilized in most experiments because of the necessary presence 
of much heavy shielding used to reduce the amount of background radia-
t ion interacting with the crystal. {In the present experiment the scin-
tillators were heavily shielded using approximately half a ton of lead, 
a minimum of 4 inches in all directions and 6 inches in the direction of 
the accelerator, defining slits, etc. and in front of the crystal on the 
opposite side of the target.) One way to conve rt these idealized calcu-
lations, so that they can be used in practical situations, is to limit our 
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interest to the full-energy peak of the gamma- ray spectrum. (See 
Appendix I for a discussion of gamma-ray spectra and their charac-
teristic features.) Only those quanta whose interactions with the scin-
tillator leave their entire energy in the crystal can cont r ibute counts to 
the full-energy peale Consequently the number of full-energy-peak 
counts is independent of the presence of shielding or other scattering 
material, and this number can be used as a quantitative measure of 
the intensity of the gamma radiation. By measuring the rati o {¢ ) of 
0 
the number of full-energy counts to the total number of counts in a 
11 fre e 11 crystal, the number of full-energy counts in any situation can 
be related to the total efficiency, and hence the number of full-energy 
counts can then be used to measure the absolute intensity of the gamma 
1·adiation. This photo -fraction (¢ ) was measured in this experiment 
0 
·for the 2n X 2 11 crystal at a gamma-ray energy of 432 keV, and for 
the other two crystals over the energy range from 432 keV to 4. 433 
MeV. For the details of these measurements see Appendix I. 
Furthermore, if one is to be able to measure the absolute in-
tensity at the source, i.e. the absolute number of interactions, cor-
rections must also be made for the absorption by materials between 
the source and the crystal, such as the housing of the crystal and the 
walls of the target chamber. Such calculations were also made and 
are also described in detail in Appendix I. Suffice it to say here that 
each of the crysta ls used in this expe riment was calibrated so that 
from the numbe r of counts in .the full-energ y peak of the spectrum the 
absolute number of interactions in the target could be determined. 
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C. Energy Determination. 
From the above information it is possible to determine the abso-
lute eros s section for the reaction under investigation. Now, however, 
since such a cross section can be expected to vary with the center-of-
mass energy involved, we must determine the energy at which we have 
measured the cross section. Because we are using a gas target in 
which the incident beam must pass through an entrance foil before in-
teracting with th~ target nuclei, determining the energy at which the 
interaction takes place is not just a simple matter of calibrating the 90° 
analyzing magnet. There are two ways to get around tl?-is difficulty in 
the present experiment, both of which were utilized. The first of these 
is the obvious one of actually measuring the energy loss in the entrance 
foil by observing the energy shift of a resonance resulting from placing 
·the foil in front of a suitable target. In the present experiment the 
thickness of the foil was measured utilizing the narrow resonance in 
the reaction, B10 (a, p}C13 , at an alpha-particle energy of 1. 518 MeV. 
(The measured thicknesses of these foils were always within the. manu-
facturer' s quoted tolerance of± 20% of the nominal value.} Once the foil 
thickness is known at one energy, the energy loss in the foil can be cal-
culated at any other energy by making use of the proton stopping-cross-
section curves of Whaling {1958}. A conversion of these proton stopping-
. \ 
cross -section curves to alpha particles, by the relation 
-z: is shown in Figure 17, where (z a) is the effective squared charge 
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as also given by Whaling (1958). This, coupled with a further correc-
tion for the energy losses in the · gas target and a knowledge of the initial 
beam energy (E ) , allows one to determine the beam energy at the 
0 
center of the target {E a) as 
Ea = E - €a (Ni) ntf .1 - i Ea (Be) nt o . . 01 gas target 
The se'cond and more direct method of determining the center-
of-mass energy at which the interaction took place is made possible 
by the nature of the direct-capture pr.ocess, the fact that the energy 
of the resultant gamma ray (E ) depends on the center-of-mass energy 
. 'I 
(E ) at which the interaction took place: 
em 
E = E + Q 
'I em 
Hence, a measurement of the gamma-ray energy tells one directly 
the value of E 
em 
This more straightforward method was used for 
all but a very few of the runs where the gamma-ray intensity was so 
low that the gamma-ray energy could not be accurately determined 
from the spectra. In these latter cases, and in a few others to check 
the agreement of the two methods, the first method was used. The 
comparison of the two methods was in all cases within the experimen-
tal errors. 
The cases utilizing the first method were all run on the 3-MV 
accelerator, and for that purpose the 90° analyzing magnet on that 
machine was accurately calibrated by examining the 992. 0-keV. 
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resonance in Al27 (p,)'} and the 1843.1-keV resonance in Ni58 (p,)'). 
Making allowance for the+ 300-volt target potential, the magnet con-
stant for singly-charged alpha particles (ka) was determined to be 
2 k z 0. 085295 ± 0. 00005 MeV volts 
a 
where 
and where EMA is proportional to the flux-meter current. 
To make use of the second method it is necessary to be able to 
determine accurately the energy of the resultant gamma ray. Such a 
determination is made possible by the fact that the Nai(Tl} detectors 
are proportional counters for gamma rays; their output pulse-height 
is proportional to the energy lost in the crystal. Hence, the position 
of the full-energy peak in the multi-channel analyzer spectrum will be 
proportional to the gamma-ray e;nergy, and once the analyzer's re-
sponse has been calibrated this position can be used to determine the 
gamma-ray energy. Such a calibration was carried out at the begin-
ning and end of each day of running, by measuring the positions of the 
full-energy peaks of the following six gamma rays: 
511 keV annihilation radiation {Na2Z) 
570 keV Bi207 
1064 keV Bi207 
1277 keV Na22 
1768 keV Bi207 
2614 keV Tl208 • 
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There is, however, one problem as.sociated with this way of 
d e termining E 
em 
This arises from the fact that in a direct - capture 
reaction the residual nucleus always recoils directly forward, giving 
rise to a Doppler shift in the gamma-ray energy dependent on the angle 
at which the gamma ray is emitted by the forward-recoiling nucleus. 
The correction for this may be calculated as follows: 
E (e) = E y '( 
~ 1 - {32 
1 - f3 cos e 
where e is the angle at which the gamma ray is emitted relative to the 
direction of the recoiling nucleus, which is traveling with a velocity, {3c. 
Since the maximum value of {3 for the recoils encountered in this exper-
iment is approximately 0. 03, second order effects can be neglected, 
and we can write 
E {e) ::: E /(1-{3 cose) 
'( '( 
In this experiment, runs were made in three different geome-
tries, with the solid 311 X 3 11 crystal at 90° and at 0° to the incident beam 
and with the 311 X 311 well crystal aligned along the beam axis with the 
target at the center of the crystal. (See Figure 5.) From the above 
equation it is then clear that 
at 0° 
E = E (90°} and 
'( '( 
E = E ( 0 °} X {1- {3) 
'( '( 
The determination of {3, however, is somewhat circular since it involves 
a knowledge of the center-of-mass energy (Ecm) or the incident alpha-
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particle energy (E ) which in turn are determined by knowing the gamma-
a . 
ray energy. However, we can write 
E =n+~b y 7 a 
:::Q+E 
em 
Q = l. 587 MeV 
.and from conservation of momentum 
7 4 ~{Be ) = 7 /3{a) 
0 71 3 Ey{O . ) • {1 - /3{Be ·)) = Q + 7 Ea 
3 2 2 . 
= Q + 7 <iMac 13 {a)) 
3 27 2 2 7 
= Q + 14 Mac (4 ) /3 {Be ) 
Therefore, 
where the second solution of /3 is neglected since it gives rise to negative 
values for /3 which are physically meaningless. From this evaluation of 
/3 the true gamma-ray energy {E ) can now be determined from E (0°). y y 
A plot of the calculated Doppler shift, (E (0°) -E ) , as a function of E y y . y 
is shown in Figure 18. A direct determination of this shift was possible 
-30- . 
in a few cases where both 0° and 90° runs were made using the same 
entrance foil. These determinations are also plotted in Figure 18 for 
comparison with the calculated shift. They indicate that the shift was 
actually about 10 keV smaller than calculated. This is easily under-
stood in terms of the large solid angle subtended by the Nai{Tl) crystal 
at 0°. The calculated shift is the maximum shift, · occurring only for 
gamma rays at 0°, whereas the detector received considerable num-
hers of counts in its full-energy peak from quanta emitted at angles 
0 
of 30 and larger. Such a correction to the calculated shift is not 
necessary at 90° because although the same solid angle is subtended 
by the scintillator, quanta with e > 90° have their energy lowered by 
the shift whereas quanta with 9 < 90° have their energy raised, so 
that the net effect at 90° is a Doppler spread in the full-energy peak 
and not a correction to the calculated shift. 
For the well crystal the observed gamma-ray energy was as-
sumed to be the true gamma-ray energy, although it was actually 
probably somewhat greater since there was a little more detector in 
front of 90° than behind 90°. In this case, however, the large solid 
angle subtended, nearly 41T, gave rise to a large Doppler spread in 
the full-energy peak, nearly twice th~ calculated Doppler shift at 0°. 
D. Coincidence Measurement. 
Before summarizing and concluding this chapter, we should 
conside r one more aspect of the experiment, the use of a coincidence 
technique to obtain an independent measurement of the eros s sectio·n 
for the cascade transition, as a check on the unfolding procedures 
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described in the next chapter. For this measurement a 3 11 X 3 11 and 
2. 11 X 2. 11 Nai(Tl} were placed on opposite sides of the target chamber, 
as indicated in Figure 5, and the coincidences between a y 3 event in 
the 2. 11 X 2. 11 and a Yz. event in the 3 11 X P~1 were counted. (See Figure 1.} 
The output of the 2 11 X 2 11 Nai(Tl} was fed into the multi-channel 
analyzer which was gated by a triple-coincidence circuit with a meas-
ured resolving time of 50 X 10-9 seconds. This mixer required a 
11 slow11 coinciden~e between {1) the output of the 3 11 X 3n in the region 
of the full-energy peak of y 2 , {2) the output of the 2
11 X 2 11 in the region 
of the full-energy peak of y 3 , and {3} the output of another mixer re-
quiring a 11 fast11 coincidence between the output of the 3 11 X 311 and the 
output of the 2 11 X 12 11 • A detailed description of this circuit has been 
presented by Pearson (1963}. 
E. Conclusion. 
As a conclusion to this discussion of the experimental apparatus 
and procedure, it might be helpful to summarize briefly the steps in-
volved in a typical run. First the multi-channel analyzer's response 
was calibrated with respect to gamma-ray energy, and the current 
integrator was calibrated to determine how much collected charge was 
necessary to fire the relays which terminated the data accumulation. 
Then the detector geometry was a:rranged and measure~K An alpha:-
particle beam of the desired energy and intensity was then focused on 
the target. Beam intensities were normally in the neighborhood of 
0. 45 j.LA, an upper limit being established by the ability of the entrance 
foil to withstand the heating due to the beam and a lower limit by the 
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time required and the competition of time -dependent background. Runs 
for a definite number of incident alpha particles, as determined by the 
current integrator, were then taken starting with He 4 as a target gas 
and then alternating with runs on He3 gas. The runs on He 4 were 
3 
used as background runs to be subtracted from the runs on He to ob-
tain the net He3(a, 'I)Be 7 yield. Gases were normally switched every 
two integrations, ending with a run on He 4 so that the background ra- . 
diation was monitored across the entire series of runs. Runs were 
approximately 500 1-1C each and as many as ten such runs on each gas 
were taken in a series at a given energy, although typically the num-
her of integrations on each gas was four or six, depending on the yield 
at that particular energy. The runs were checked as they progressed 
by using two scalers as a single - channel analyzer covering the region 
of the gamma-ray full-energy peaks. In this way any change in yield 
due to the build-up of carbon or other variation in the background could 
be monitored and corrective measures taken. 
At the low bombarding energies (Ea ~ 2. 00 MeV) the yield from 
the reaction becomes small enough so that the time-dependent background 
began to become important. Due to slight variations in the beam inten-
sity during a series of runs, it was quite possible that there would be a 
significant difference in the total time represented by the He3 runs and 
4 that of the He runs. Consequently at energies where the time -dependent 
background was important, total time corrections were made using 
spectra taken for definite lengths of time with the accelerator in opera-
tion but with the beam switched off the target. Finally after all these 
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runs were made the integrator calibration was checked, the multi-
channel anaKlyzc:~:a:- calibration was checl<K~dI and the geometry of the 
detector was checked. 
The detailed analysis of the spectra resulting from such a ser-
ies of runs is discus sed in the next section. 
-34-
IV. DATA ANALYSIS 
A. Conversion of Gamma-Ray Spectra to Absolute Cross Sections 
Having described in detail in the preceding chapter how the number 
of target nuclei, the number of incident nuclei and the energy of inter-
action were all determined, it is necessary to go into more detail here 
to describe how the resulting gamma-ray spectra were handled to deter-
mine the number of interactions that occurred. 
The first step was to check the reliability of the series of runs at 
a particular energy to see if a reasonably accurate background subtraction 
could be performed. This testing was done first by checking the runs 
using a single-channel analyzer, as described in the previous chapter, 
and second by comparing the individual spectra from such a series of 
runs. This latter phase consisted of checking that those runs on He 4 all 
matched each other reasonably well and similarly for the He 3 runs, 
and that all the spectra matched in the high-energy region beyond the 
structure ofthe gamma rays from He3 (a,y)Be7 • These requirements 
could not always be satisfied, but it was possible to accept, in addition, 
those cases where there was only a small, but smooth variation in the 
spectra, since the method of alternating the target gas throughout the 
series of runs compensated for such an effect. Once a set of runs at a 
particular energy had been found acceptable as described above, the 
' 
Burroughs 1 220 computer was used to reduce the spectra by (1) applying 
dead-time corrections to the individual spectra, (2) combining all He3 
runs and all He 4 runs, (3) applying any necessary total-time corrections 
and (4) then subtracting the total He 4 runs from the total He3 runs to 
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yield the net He 3 (n,y)Be7 gamma-ray spectrum. (See Figure 19.) 
Having thus reduced the data to yield the spectrum of the gamma 
radiation due only to the He3 {n,y)Be7 reaction, the direction in which 
further analysis proceeded depended on the set of runs involved, since 
slightly different conditions involved in various runs invalidated the 
application of certain of the methods of analysis. To understand better 
the specific problema involved, it is perhaps best to elaborate briefly 
at this point on the nature and energy of the gamma rays involved in 
this experiment. From Figure 1, it is apparent that a direct-capture 
·event in the energy range, 
specific gamma-ray events: 
0. 0 ::s; E ::s; 6. 0 MeV, can produce two 
(l 
(1) The ground- state transition with only one gamma ray, 
(y1). E = {1.587 +~bF MeV. yl f (l 
(2) The cascade transition with one gamma ray, (y 2), 
followed by a second gamma ray, (y 3 ). 
E =(1.155+ 7
3 E)MeV,and 
Yz a 
E = 0. 4 3 2 MeV • . 
y3 
Since the spin of the 432-ke V state is known to be 1/2, the angular 
correlation between y 2 and y 3 will be isotropic. Further, since the 
energy difference between y 1 and y 2 is 432 keY, the full-energy peak 
of y 2 willlie only 79 keY above the single-escape peak of yl' and the 
two will not be resolvable. (See Appendix I.) The sa~e argument applies· 
to the single-escape peak of y 2 and the double-escape peak of y 1• It 
should be noted that there will also be a peak, coincident with the full-
energy peak of y 1, due to the summing of Yz and y 3 in the Nai(Tl) 
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detector. Because of the low energy of y 3 its full-energy peak was 
always well down in the noise, and, since the fitting procedures were 
never extended to such low energies, this peak was neglected in all the 
analysis except for the coincidence data where its use is discussed 
explicitly. 
The first method of analysis is a procedure directly suggested 
by Salmon (1961), although worked on by numerous other authors, 
(Childers, 1959; M~llenauerI 1961; West, 1960; and Heath, 1962). This 
involves the use of gamma-ray shape fitting to unfold complex combi-
nations of gamma-ray spectra using electronic computers. To accom-
plish this the Nai(Tl) crystals involved were first calibrated with 
regard to their shape responses to monoenergetic gamma rays of various 
energies. See Appendix I for the details of this calibration. These 
shape-response ftmctions were then stored in the Burroughs 1 220 com-
puter, and, given a gamma-ray energy in the range 1. 277 !'S E !'S 4. 433 
. y 
MeV (the range of calibration), the computer was programmed to inter-
palate the appropriate response ftmction. In the present experiment, 
E was determined either from an examination of the individual 
'Vl 
spectra from each run and the calibration of the multi-channel analyzer, 
or from a knowledge of the beam energy, the foil thickness, the target 
thickness and the Q-value of the reaction, 
as described in the previous chapter. E was taken as 
Y2 
E =E -0.432MeV 
Y2 Y1 
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The computer first. determined the response function for y 1 and then 
the · response function for y 2• Next the response function of the crystal 
for the summation of y 2 and y 3 was determined by folding together 
the response function of y 2 and that of y 3 , stored in the computer 
separately. The details of this folding procedure are discussed in 
Appendix I. 
Having now separately obtained the response functions for '{ 2 
{1} when there is!!£ summing with y 3 and {2} when there is summing 
with y 3' we would how like to combine the two into a total response 
function for Yz• The amount of summing in such a total response 
function is determined by the efficiency of the scintillator for detecting 
y 3 • Considering the number of counts in the full-energy peak of each 
response function, we can say first that for N cascade transitions in 
the target there will be {11(2}1/> (2)TJ(3)¢ {3)N} counts in the full-energy 
0 0 
peak of the summing response function, {where TJ(i) is the probability 
of yi interacting with the crystal at all and 1/> M E~F is the ·fraction of 
such interac~ing photons which contribute counts to the full-energy peak) 
since the probability of such an interaction is the product of the proba-
bilities of both y 2 and y 3 depositing all their energy in the scintillator. 
Similarly we can say that under the same circumstances there will be 
{ T'l(2)¢ 
0
(2)[ 1-1'}{3)] N} counts in ~he full energy peak of the y 2 response 
function. The ratio of full-energy counts in the summing response 
function to the full-energy counts in the y 2 response function is thus 
T'l(3)1/>
0
(3)/(l-T'I(3) ). Therefore, the summing response function was re-
normalized to agree with the above ratio, and then the two response 
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functions were combined to form the desired total cascade response 
function. 
The ground-state response function and the cascade response 
function were then combined to give a least-squares fit to the net 
3 7 He (a,,J'}Be spectrum, utilizing all the available points or channels. 
(See Figure 20.) At each of the 11n 11 points (n typically the order. of 
80 or 100) we may write the following: 
where 
C. = A. X + B. Y + Z . 
. 1 1 1 1 
C. = the number of counts in channel i of the net 
1 
He 3 (a, y)Be 7 spectrum, 
A. = the number of counts in channel i of the ground-
1 
state response function, 
B. = the number of counts in channel i of the cascade 
1 
response function, 
Z. = a random error, 
1 
and where the best values of X and Y are obtained by the lea.st_-squares 
requirement of minimizing the following function, R, with respect to 
both X and Y. 
R=! 
i=l 
2 (Ci- A.X - B. Y) 
1 1 
8R = O _ 
ax (C.- A.X- B.Y)A. = 0 1 1 1 1 
i 
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Therefore, 
XL Az + y I AiBi = LA.C. i 1 1 
i i i 
xi A.B. +Y L z I B.C. B . = 1 1 1 1 1 
Defining o., 
we see that 
i i 
13. 11. ), and ~ so that 
o.X + j3Y = >.. 
j3X + 11Y = s 
y = (o.£ - f3X.) 
(a., - 132) 
± [ - R 
n-·z 
i 
a. 
This method o{ fitting experimental gamma-ray spectra has an 
advantage over the more traditional gra phical approach, . where sue-
c e ssive full-energy peaks are fitted in order of decreasing energy, 
since the least-squares method uses all the response functions at each · 
point and thus does not accumulate error in the low energy direction. 
Furthermore, in this particular_ case where the full-energy peaks of 
both response functions are coincident and the secondary peaks of one 
are not resolvable from those of the other, the successive graphical 
peak-fitting method could only have been employed utilizing some sort 
of iterative procedure. 
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Having obtained a least-squares fit to the experimental spectrum, 
from the number of full-energy counts in each of the fitted response 
functions, [ XA.] and [ YB.], and a knowledge of the photo-fractions 
l l 
and total efficiencies for y.1• y 2 and y 3' as determined in Appendix I, 
it is then possible to determine independently the number of ground-
state events and the number of cascade events. From this, coupled 
with our measurements of the number of target nuclei {Nt) and the 
number of incident alpha particles (N )." 'we can determine cr(y1) and 
. a . 
cr(y 2) independe.ntly and thus also determine a Total and the branching 
ratio, p. 
= Ycp{y2+ y3) 
N aNt11(y 2)11('( 3)(/l o (y 2)(/l o (y 3) 
where Ycp(yi) is the number of counts in the full-energy peak of the 
least- squares fitted response function of y . • · 
l 
The decision as to the presentation of the data in terms of a Total 
and p, instead of a{y1) and cr{y 2 ), was made on the basis of the follow-
ing considerations. For reasons explained below, about half of the data 
could not be analyzed as described above, and the alternate methods of 
analysis did not allow the independent determination of cr(yi) · and cr{y 2). 
In such cases, a value of the branching ratio was assumed in line with 
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measurements obtained above and a corresponding value obtained for 
aTotal· Values f~r cr(y1) and a{y2} obtained from these methods of 
analysis would not have been independent, and their presentation as such 
would have been misleading. This, coupled with the fact that aTotal is 
much less sensitive to errors in p than either a(y1) or a{y 2), makes 
aTotal a much more meaningful value to present in such cases. 
The cases where the least-squares method of analysis was not 
applicable can be separated into the following three distlnct categories:. 
(1} ·cases where· the net experimental spectrum had too few 
counts to do any detailed shape fitting, 
(2) cases where problems of background variation prevented 
accurate subtraction and thus prevented the attainment 
of a good fit, and 
(3) cases where 'the use of absorbers between the scintillator 
and the target, to reduce the intensity of low-energy X-
rays and gamma rays, invalidated the use of the response 
functions obtained in the absence of such absorbers. 
It is true that in the last case response functions could have been obtained 
with each of the absorbers used, but this was deemed unnecessarily 
tedious. Case (2) is certainly a highly subjective condition, and it should 
be added he.re;"that the existence of such a poor fit was d.etermined pri-
marily on the basis o£ how the total number of counts i~ the full-energy 
peak of the net experimental spectrum compared to the sum. of the counts 
in the full-energy peaks of the two fitted response functions. Case .(1) 
applies to data taken at the low energy end of the region covered in this 
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experiment, where the total cross section has £allen to much less than a 
microbarn. 
To analyze the data which fell in the above three catagories, two 
methods were available. The simpler of these involv~s an analysis of 
only the peak corresponding to the full-energy peak of y 1 and the full-
energy peak of the sum spectrum of Yz and y 3 • It is thus clear that 
such a method can not yield information about p, and to obtain any value 
for a-Total one must assume a value for p. For such an analysis the, 
total capture cross section, a-Total' can be expressed directly in terms 
of the number of counts (N</>) in the peak in question, the branching ratio 
assumed (p), and the various efficiencies of the detector. 
a-Total 
The second method of analysis for the three cases noted above 
involves what might be described as an integral approach. It involves 
an analysis of the entire available spectrum and consequently is not well 
suited to handling cases {2) and (3) but is instead designed for use with 
case (1) where poor statistics have invalidated a point-by-point fitting 
of the experimental spectrum~ and where, instead, we now will use a 
fit of the integrated spectrum, covering a large number of points. For 
this method of analysis, once the net experimental spectrum has been 
obtained, the various response functions are obtained and combined to 
form the cascade and ground-state response functions as before. At 
this point, because of the poor statistics involved, the ground-stat e and 
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cascade response functions are further combined under the assumption 
of a particular value of p to form the total response function. The 
number of counts (1:;) in a given region of the spectrum (excluding the 
low-energy region near the full-energy peak of y 3 ) is then divided by 
<I>, the ratio of the counts in the same region of the total response 
function to the total number of counts in the total response function 
(excluding, as always, the contributions due to single y 3 interactions). 
In this way the total capture cross section is obtained as 
a Total 
An upper limit for the region to be analyzed was established at 
(E + 600 ke V), and the lower limit was varied to include various fractions 
'Yl 
of the spectrum. As the lowe.r limit of this region is moved to lower and 
lower energies and the statistics improve, one would ideally expect the 
~ . ~ 
value of ~ to approach a constant. How good a value of ~ had been 
obtained was determined by plotting this quantity as a function of the lower 
limit of the · region under analysis and looking for the expected asymptotic 
approach to a constant value. In all four of the cases analyzed in this 
~ 
manner this was found to be true, the variation of lP about such a value 
always becoming less than 4o/o. 
It is clear that both of the secondary methods of analysis could 
also be applied to the runs which could be analyzed by the primary method · 
of detailed fitting. Such a comparison of the primary and secondary 
methods was carried out and in general indicated good agreement between 
the three methods, deviations typically falling in the range from Oo/o to 3o/o. 
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Before leaving this discussion of the methods used to obtain 
aTotal and p by an analysis of the net experimental gamma-ray spec-
trum, mention should be made of the analysis of the coincidence data 
obtained to check on the values of p derived from the method of least-
squares fitting. Such a check was made by measuring the cascade cross 
section a{y 2} independently of the ~round-state cross section by looking 
only at coincidences between the )'2 and )'3 members of such a cascade . 
using the techniques described in the preceding chapter. The net experi-
mental gamma-ray spectrum thus obtained, after the usual background 
subtraction, in this case represents the spectrum of gamma radiation 
in the 2 11 x 2" N a I{ Tl) in the region of 43 2 ke V in coincidence with 
events in the neighborhood of the full-energy peak of )' 2 in the 3
11 x 3" 
Nai{Tl) crystal • . However, this region of the gamma-ray spectrum of 
the 311 x 3 11 crystal contains a g.ood ~eal more than events due to a y 2 
interacting with the crystal. Many of these events either can not give 
rise to a coinCident pulse in the 2 11 x 2 11 crystal or will be removed by 
the usual process of background subtraction. However, there are two 
notable and important cases in which coincident counts not due to )' 3 
will occur in the second detector which can not be removed by the usual 
subtraction of background. These are events due to a y1 or a )' 2 inter-
acting with the 3 11 x 3 11 crystal in a Compton or pair-production event in 
which one of the secondary quanta escape and interact with the 2 11 x 2" 
I 
detector. This is possible since that portion of the 3 11 x 3" spectrum con-
sidered contains (1} that port~on of the y 1 and y 2 spe ctra corresponding 
to Compton events in whic}:l the low energy 11backscattered11 quanta escape 
from this crystal, (2) that portion of the .'Yl spectrum corresponding to 
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pair-production events in which either one or two of the annihilation 
quanta escape from the crystal and (3) that portion of the y 2 spectrum 
corresponding to pair-production events in which one of the annihilation 
quanta escape from the crystal. One would then expect to find in the 
2" X 2 11 coincident spectrum, in addition to the peak at 432 keY due to 
y 3 , peaks at 511 keV due to annihilation radiation and at roughly 230 keY 
due to backscattered quanta from y1 and Yz (2. 965 and 2. 533 MeV 
respectively for the case under consideration). Indeed, all three of 
these peaks are· observed in the spectrum. The backscattered peak is 
of low enough energy compared to E so that it can easily be corrected 
y3 
for by essentially ignoring it and dealing with only the full-energy peak 
of Yy Correction for the annihilation radiation is slightly more difficult 
and involves the fitting of the 511-keV peak to the experimentally deter-
mined response function of the .2 11 x 2 11 c;rystal for 511-keV radiation and 
subtracting this contribution. In this way the number of coincident counts 
in the full-energy peak of y 3 , {Y¢ (y 3) ), was determined. Further, 
c 
it was necessary to determine w'hatJracti0n (X 2 ) of the y 2 _ response 
function is included in the gating window of the 3 11 x 3 11 detector. This 
was done by determining the response function for y2 , using the com;.. 
puter program described above, and then measuring X 2 with a planimeter 
{X 2 = MK~ 4UP:-D-±? K M~FK The cascade cross section can now be expressed in 
terms of these measurements as 
1 
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B. Error Analysis 
Before discussing the results of the experiment we should dis-
cuss here the errors involved in the measurements described above so 
as to make the results and their associated errors more meaningful. 
' ' 
Margenau and Murphy (1956) give the expression for '!he probable error 
of a function as follows: 
for · Z = f(x. y, ••• ) 
·p2 = p2 i ~f ) 2 + p; l ~F 2 + ••• 
Z X \ uX y \ uy 
where P is the probable error of the quantity "a" • 
a 
On the basis of this, for the various quantities measured and 
calculated in this experiment we can calculate the following probable 
errors. 
1. E 
c:m 
In the case of our determination of t h e center-of-mass energy 
at which a particular measurement was made there are two types of 
errors to produce an uncertainty in ~ur determination. First, there is 
simply the inaccuracy of our determination; this was approximately 
:1: 10 keY both in the cases where E was determined from an exami-
cm 
nation of the position of the full-energy peak of y 1 and in the cases where 
E was found from a measurement of the thickness of the entrance 
em 
foil. Second, a lack of definition in E was introduced by the spread 
em 
in energy of our supposedly monoenergetic beam. This spread was 
caused by straggling in the entrance foil and by the thickness of the gas 
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target. In the case of foil-straggling the effect was measured by ob-
serving thewidth of the 1. 518 MeV-resonance in B10 (a,p)C13 with and 
without entrance foils in front of the target. The straggling was found 
to be approximately 60 ke V (in the lab system) at this energy, and, 
since the theory -of straggling by Bohr {1915) predicts that straggling 
should be independent of the energy of the incident particle, this figure 
was assumed to hold over the whole range of alpha particle energies 
used in this experiment. Any error in this assumption is probably not 
too serious sinc.e at high energies, where such an error would occur, 
straggling amounts to only about 12% of the total error in E • In the 
em 
case of beam width induced by the thickness of the target, the spread 
can be calculated simply from the energy of the beam in the target and 
the number o£ atoms per cm2 in the target; the spread is just equal to 
the mean energy loss of the beam from the front to the back of the target. 
Thus the probable error of the center-of-mass energy is 
2. p 
For the cases where a least-squares fit was possible we have 
shown above that the branching ratio (p) is given by 
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Therefore, 
2 
( .6. 'T')(l)) 2 + (.6.cP 0 (1) ) + lWT· (/) (l) . 
0 
( .6.'1')(2.))2 
-:r;rzr . 
Erro;rs in the efficiency, 11, are contributed from two sources, 
the accuracy of the calculation arid the accuracy with which the source-
detector geometry could be determined. The first of these is as signed 
a value of ±3% on the basis of the accuracy of the tabulated cross sections 
(Grodstein, 1957}. The second is determined by the accuracy with which 
the distance from the crystal to the source could be measured; this was 
typically of the order of ± (1/64)'}'(25/64)" or ±4%. When this is then 
compared to the efficiency curves (Figures 7-9, 11-14} it yields an error 
of ±2% in efficiency in the region of interest. Hence (.6.11/11) is assigned 
a value of ±3. 5%. 
The errors in determining the photo-fraction, cP , were normally 
0 
approximately ±4%, with ±3. 5% due to inability to accurately determine 
the zero-intercept as described in Appendix I and ±1% due to the use of 
the planimeter. In the case of y 3 , however, due to problems of back-
ground subtraction this figure should be somewhat more generous, or 
of the order of ±6% overall. 
In considering the errors associated with the various terms in 
the expression for p we see right away that errors in 11(y1) and T}('y 2) 
will cancel each other since both T}{y1) and T}(y 2) are determined 
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by interpolation from the same set of calculations. Identical arguments 
apply to </l
0
(y1} and ¢ 0 (y 2). 
To determine the errors associated with Y ¢ {y1) and Y ¢ (y 2 ) we 
must recall in detail how these terms are obtained. They represent the 
nun1.ber of counts in the full-energy peaks of the response function for 
y 1 and the response function for the summation of {y 2 + y 3} after 
these response functions have been fitted to the net experimental spec-
trum. It is evident then that the sources of error for the Y ¢; s are in 
{1) the statistics of the net expe rimental spectrum, (2) the accuracy of 
the least-squares fit and (3} the accuracy of the response functions. 
The latter contribution was taken to be ± 5 %. 
Therefore, 
'] 2 [ 3 4 1/2 2 . 2 J 
= ((He ~ He )4 .) + ( t:::.YY ) + ( 0 • 0 5) 2 + ( 0 • 0 5} 2 
He -He 
where the first term in these expressions represents the statistical 
accuracy of the net experimental spectrum and where X and Y are 
the coefficients determined by the least-square~analysis discussed 
earlier in this chapter. t:::.X/X and !:::. Y /Y were typically ± 2% and 
± 5% respectively. It should be noted that Y <b(y 2 + y 3 ) has two terms 
> 
due to inaccuracies of the response functions , since the response 
functions for (y 2 + y 3 } were not determined experimentally but are 
rather a combination of two experimentally determined response functions. 
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As a further simplification, it should be noted that, in the case 
of the branching ratio, the statistica1 errors of the net spectrum cancel 
out. Furthermore, the errors in the response functions for 'Vl and 'Y2, 
will also cancel since E ::::: E and since both functions are obtained 
'Vl 'V 2 
by the same interpolation r.outine from the same data. Hence, we are 
able to reduce our expression for b.pjp to 
3
• a-Total 
In the case. of the least- squares-fitting method of analysis, 
- Ycf>('Yl) Ycf>(y2+'Y) 
- Na.Nt TJ()'l)(j)o(yl) + Na.NtTJ(y2)(j)o{y2)TJ('V3)(j)o{'Y3) • 
Therefore, 
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E~k /N ) was taken to be ::1:. 0.01. The stability of the instruments 
a a . 
used was somewhat better than that (of the order of a few tenths of a per 
cent in twelve hours); however, the absolute accuracy of the integrators 
was probably closer to this more generous figure. 
E~kt ,tNt) represents .an accumulation of many errors. Errors 
due to the measurement of the length of the target chamber and any 
variation in effective target thickness due to the angular spread of the 
beam in passing through the entrance foil {mean scattering angle - 4°) 
are less than ± O. 01 and have been neglected compared to the other 
uncertainties • . The uncertainty in the pressure measurement varies from 
lo/o to 4o/o depending on the magnitude of the pressure. The temperature 
correction due to local heating in the target chamber amounts to 17o/o 
above room temperature , and is accurate to about ± 30o/o so that it repre-
sents an uncertainty in Nt of ± 5o/o. (.6-Nt/Nt) thus is in the range from 
*· 5o/o to ± 7c.Jo. · 
(.6-TJ(i)/TJ(i) ) and (.6.¢ {i)/cb (i) ) are all deter-
a o 
mined as discussed above in the erro;r analysis of the branching ratio. 
In the case of the integral method of analysis, 
t::l.a Total =[ 
crTotal 
(1 + p) 
+ c ~D11{O}p ). 2 + c~ .D.pTJ(2 ) )2]1/2 
TJ(l) + eTJ(2) 1 +e - TJ{l) + el1(2) 
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{Kt:K~/~F is determined by the counting statistics and by how well 
the value of E~/ ci>) approaches a constant. 
(.C:.ci> /ci>) is determined on the same basis as {.6.</> 
0
(i) /<P 
0 
(i) ) and 
as such is as signed a value of ± 4o/o. 
{.C:.pjp) is determined from an analysis of the various deter-
minations of p made by the least-squares fitting. From such an anlysis 
(.t:.pjp) = ± lSo/o. 
The remaining terms are discussed in the case of the least-
squares analysis above. 
Finally in the case of the single, full-energy peak analysis; 
.C:.o-Total 
o-Total 
1 + p 
(.C:.T)(l)</> (1) )2 + E~</> (l}T)(l) )2 
+ 0 0 
[ T\(1)</> (1} + pT)(2)</> (2)11{3)</> {3)] 2 
0 0 0 
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(AYcPIYq) is determined by counting statistics, while there-
maining terms have all already been described in the cases above. 
4. S(E ) 
em 
For the cross-section factor, S(E }, defined by Burbidge et al. 
em --
{1957} the errors discussed above for <TTotal and Ecm have the follow-
ing combined effect: 
S(E ) (E } E exp (31. 28 Z Z A1f 2 E -ll2} 
em :: <TTotal em • c~ • 1 o em 
where z1 and Z 0 are the atomic numbers of the interacting nuclei and 
A is the reduced mass of the system in amu. 
Therefore, 
[(
t:.a · 2 I I . AE .)2 J 112 AS = Total ) + (l _ 1 {3l. 2S}Z z Al 2E-l 2}2 ( E em S <TTotal' "2' 1 0 em em 
where (..6:aT t 11aT t 1) and {t:.E IE ) are determined as indicated o a o a em em 
on the preceding several pages. 
Having described in detail the methods used to obtain and analyze 
the data, we now pass on to a discussion of the results of all of this. 
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Y. RESULTS 
A. Nuclear Physical 
As indicated in the discussions above, the primary object of all 
of this work was to obtain absolute measurements, at;J a function of 
the center-of-mass energy, of the direct-capture cross section for the 
reaction, 3 7 He (a., y)Be , and to use these measurements, (1) to obtain 
a value for the S cross-section factor for this reaction at stellar 
0 
energies and (2) to compare with the theoretical predictions for this 
type of reaction. 
The experimentally determined total eros s section for the re -
action {including both possible gamma transitions) is shown in Figure 21 
and tabulated in Table I. These values of a Total were obtained (as 
described in the previous chapter) in some cases by summing the cross 
sections for each transition and in other cases by analysis assuming a 
value for the branching ratio involved. Included in Table I is a notation 
as to whl.ch method of analysis was used in each case. These measure-
ments cover the entire region from 181 keY to 2493 keY in the center-of-
mass system, or roughly 6. OMeY in the lab system, and cover a vari-
ation of the cross section by a factor of more than 200 from 0. 018 jJ.barns 
to 3. 90 IJ.barns. 
Attempts were made to extend the me asur emerita up into the 
region of the 7/2- level in Be 7 at an excitation of 4. 54 Me Y 
(E ~ 2950 keY); however, the rapid rise in the background radiation em · 
in this region, due to c 13 EaK~ ny)o16 and c 12(a., a.1y)C12, made this im-
possible. A hint at the problema encountered is seen in the larger 
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relative error associated with the point at 2493 keV due primarily 
to poor statistics and background subtraction problems. 
Since in roughly half of the cases it was pes siqle to determine 
the cross sections for each transition independently, it was possible 
to obtain a measurement of the branching ratio between these two 
transitions as a function of energy. This is plottedin Figure 23, 
where the branching ratio is defined as the ratio of the cascade transi-
tion's cross section to that of the crossover transition. From the 
experimental measurements it is not possible to say much about the 
energy dependence of . p other than that it is essentially constant. 
Analysis as such indicates that over this energy region 
p = o. 374 ± o. 056, 
or, in other-words, that 73% of the captures proceed directly to the 
ground state via 'Yp while 27% go through the 432 keV excited state 
via 
The energy range covered in these measurements is somewhat 
smaller than in the total cross-section measurements, mainly due to 
the fact that at alpha-particle energies of 4 MeV and higher, thin 
lead absorbers were used between the crystal and the target to reduce 
the amount of low-energy radiation swamping the detector and thereby 
invalidated the shape fitting technique described in the last chapter. 
The errors indicated on these plots are the relative errors 
described in the preceding chapter and do not include the absolute un-
certainties of the experiment. In the case of the branching ratio, how-
ever, due to its insensitivity to such absolute errors, the value of 0. 374 
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can be quoted independent of any absolute errors. For the case of the 
total cross section, however, when the absolute uncertainty is com-
bined with the roughly lOo/o relative uncertainty in each point, the total 
uncertainty should probably be quoted as ± 15o/o. 
Also indicated on both of these plots are the theoretical pre-
dictions as to the energy behavior of these two quantities as derived 
from Part II. In both of these cases the agreement between theory and 
experiment is very close. It should also be remembered, as noted at 
the end of Part II, that only three parameters are available to obtain 
these fits, the nuclear radius (R ) and the reduced widths for each final 
0 
state {ei;2 and 9~/OFI where the subscript denotes the J-value of the 
state. R
0 
was varied around the value of 2. 80 fermis deduced from 
the elastic scattering of He3 and He 4 (Miller and Phillips, 1958; 
gones~ al., 1962; Tombrello and Parker, 1962), and for each value of 
R
0 
the two reduced widths were varied to normalize each of the two 
curves to the data. Listed below are the resulting values of the param-
eters, 
R 
0 
R 
0 
R 
0 
C~/O = 1. 86 = 2. 4 fermis- 2 
= z. 8 fermis-c~:: :::: 
= 3.2 fermis-C:~:: ~--MU: 
· . e112 = o. 73 
Actually it turned out that the fits of a Total and p were completely. 
independent of the choice of R
0
, and so the value of 2. 80 fermis was 
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adopt ed in agreement with the elastic scattering analysis c i ted above 
a nd in agreement with the value of 2. 84 fern1.is obtained by Hofstadte r 
(1957). Hence, it can be said that the fits shown were obtained with t h e 
us e o f only two ene:=gy independent parameters. 
It is somewhat surprising that the extra-nuclear approximation 
under which the theoretical cal culations were made s h ould be valid ove r 
such a large range of energy as demonstrated by the quality of the fits 
obta ined. The validity of this approximation depends, it was noted, on 
the closeness of.the various phase shifts to their corresponding hard-
sphere phase shifts. It has be e n shown in the various elastic scatte ring 
e xperime...'1.ts (Mille r and Phillip s, 1958; gones~ al., 1962; and Tombrello 
and P a rker, 1962) that the s-wave phase shift a nd both the d-wave phase 
shif ts are accurately described by their hard-sphere phases for a nuclear 
radius of 2. 80 fermis, over the entire region covered in this experiment. 
The p-wave and the £-wave phase shifts, however, do not satisfy this 
condition. In the case of the £-waves this is due to the effects of the 
two P. = 3 resonances just above this region. (See Table II.) 
Figure 22 depicts graphically the way in which the various .2-
wave s con tribute to the total cross section in the theoretical calculations. 
These curves indicate vividly that almost all the contributions to the 
total eros s section come from the El transitions which are contributed 
by the s- and d-waves. The contributions of the p-waves and £-waves, 
combined in the Ml and E2 cross sections, never amount to more than 
four per cent of the total cross section. This, combined with the agree-
ment of the s- and d-wave phase shifts with the R = 2. 80 fermis 
0 
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hard-sphere phases, indicates why we were able to obtain such a good 
fit over such a large region of energy in spite of our neglect of the 
contributions to our matrix elements from the region inside· the nuclear 
radius. Any change in cr{Ml} or cr{E2) from such contributions, even 
to the extent of increasing them. by a factor of 5 or so, would not have 
had an appreciable effect on the total cross section. 
Before leaving Figure 22 it is also interesting to note that it is 
the rapidly increasing d-wave eros s section that is keeping the total 
non-resonant cross section still rising almost linearly at E = 6. 00 MeV, 
a 
while the s-wave contribution has almost completely leveled off at 
about 2. 0 !J.barns. 
As noted in the previous sections, to check the accuracy of the 
shape-fitting and unfolding analysis utilized above,a .point was taken 
usin·g a coincidence technique to measure only the cross section for the · 
cascade transition, cr("y 2). This measurement agreed well with the 
other determinations of cr{y 2) and, converted to crTotal using the 
m easured branching ratio, is shown on Figure 21 at a center-of-mass 
energy of 1378 keY as the solid square. 
Attempts were also made to measure the angular distribution 
of the capture radiation as a function of energy in order to compare it 
with the theoretically predicted values of the parameters ap a 2 , a 3 
and a 4 • Measurements of the yield were made with the solid crystal 
at 90° and 0° to the incident beam and with the well crystal. However, 
due mainly to the poor angular resolution of the crystals in the close-
up geometry necessitated by the low cross sections involved, the results 
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were indefinite and the best that could be said was that the radiation 
was isotropic to ± 20o/o. Therefore,. all the data were analyzed under 
the assumption that the radiation pattern was isotropic. A plot of the 
theoretically predicted values of a. as a function of alpha-particle 
. . 1 
energy is shown in Figure 24. From these curves it is apparent that 
. ' 
any predicted anisotropy is small. A calculation at 3. 00 MeV, near 
0 0 the maximum anisotropy, predicts a 0 to 90 asymmetry of only 
7o/o. Applying smoothing due to the crystal geometry reduces the effect 
to 3o/o and shows· that such an effect is well buried in our lOo/o uncertaintie~~ 
B. Astrophysical 
The final phase of the discussion of the :.:-esults of this experiment . 
involves the conversion of the experimental and theoretical cross sections 
to the cross-section factor defined by Burbidge ~alK {1957), 
1/2 -1/2 S(E ) = a(E )E exp {31. 28 z1z A E )ke V- barns. em em em o em 
This quantity is tabulated in Table I and plotted in Figure 25. On the 
basis of the accuracy of the theoretical fit to the experimental measure-
tnents, the theoretical calculation was used to extrapolate S(E) to 
z7ro-energy and obtain the low-energy eros s- section factor, 
S = 0. 4 7 ± 0. 0 7 ke V-barns • 
0 
s ' 0 
This is considerably smaller than the value of 1. 2 keY-barns arrived 
at by Holmgren and Johnston {1959) and substantially reduces the impor-
tance of this reaction (Fowler, 1960) as a termination for the ·proton-
proton chain at temperatures below 15 x 10 6 °K. 
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The expression for the reaction rate {r } PP 
reaction ·has been given by Burbidge~ al. (1957}. 
rate (R } may then be related to r as follows, 
a. . . pp 
Ra. = F r a. pp 
of the Jf{p, 13 + v}D 2 
The He 4 production 
where F is one-half the factor c/>(a.) defined by Fowler (1958} since 
a. 
we are relating Ra. to r and not to the equilibrium rate of the pp . 
3 3 4 He (He , 2p}He reaction. Hence, once equilibrium has been estab-
lishe d between the He3 -producing and the He3 -destroying r~actions 
( 6 0 at a temperature of about 10 x 10 K in stars like the sun), F is 
a. 
given by the following expression, 
where 
and where 
s34 = so for 
sll = so for 
. XH ) 2 1/3 ~ 4x;, exp {-100 T6 ), 
3 7 He (a.,y)Be 
1 + 2 H :{p, 13 v)D 
The f's are the respective electron screening corrections (see Fowler, 
· 1960); the Xi's are the concentrations by mass, and ' T 6 is the tem-
.. 10 6 °K perature 1n ; 
Fa. was calculated in this manner over the range 10 :5 T 6 :5 30, 
using the following values of the various parameters {Fowler, 1962). 
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and is plott~d in Figure 28: 
-22 
sll = 3. 5 X 10 keY-barns 
. -22 
£11s 11 = 3. 7 x 10 keY-barns 
s 33 = 1300 keY-barns f33 s33 = 1600 key-barns 
s 34 = 0.47 keY-barns f34 s34 = o. 59 ~e y-barns 
At temperatures below 10 x 10 6 °K, where equilibrium has not 
been established· between the · H1{p, 13 + v)D2 reaction and the various ter-
mination reactions, F is governed by the fact that the proton-proton 
a 
chain at such temperatures tends to stop at the production of He 3 , re-
ducing F to zero at 5 x 10 6 °K. In this region F is independent 
a a 
of the value of s34 measured in this experiment; hence, it can be 
taken correctly as one-half of the factor, ¢(a), plotted by Fowler (1960) 
6 0 
and is plotted as such in Figure 28 for temperatures below 10 x 10 K. 
The variation of Fa over the range 5 ::= T 6 ::= 30 can be sum-
marized qualitatively as follows: 
(1) In the region 5 :S r 6 ::= 10 the He
3 (He3 , 2p)He4 reaction 
rate decreases rapidly, and the proton-proton chain tends 
3 to stop at the production of He , 
at 5 x 106 °K. 
reducing F to zero 
a 
(2) When equilibrium is first reached between the e~ 3 -
producing and the He 3 -destroying reactions in the 
neighborhood of 10 x 10 6 °K, F takes on the value of 
a 
O. 500 since at that temperature all of the terminations 
go through the He3 {He 3 , 2p}He4 reaction which requires 
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two :tf(p,f3+v)D2 reactions for the production of each H e 4 • 
(3) At this point, the alternate terminations through the 
He3 (ci., y)Be 7 reaction which require only one H 1(p, 13 + v}D2 
reaction for each 
portant, and F 
a 
4 . 
He produced begin to become im-
gradually increases to its new equili-
brium value of l. 00 at temperatures 1n excess of 
20 X 10 6 °K. 
Once Fa has been c a lculated. in this manner, it is of interest to 
determine what fra~tion of the He 4 is formed through each t ermination. 
7 It c an be shown that the fraction going through the Be terminations is 
given by 
Be7 /He4 = 1 2- F 
a 
3 . 3 4 The fraction going through the He (He , 2p}He reaction is therefore, 
1 
= F - 1 o 
a 
Furthermore, there are two possible ways that the Be 7 termination 
may go 
7 - 7 4 
....,.x Be {e , v)Li {p, a}He 
3 T~ He (a, '/)Be ............_ 
.........,. 7 s · + s':< 4 
Be {p, 'I)B (f3 v)Be (a)He • 
The fraction going through the B 8 reaction is given by 
'T e 
·'1' + 'i 
e p 
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where 7 
e 
7 .· 
is the mean lifetirn.e of Be for electron- capture in a fully 
ionized region, 
days, (Bahcall, 1962} 
and where r p is the mean lifetime of Be 7 £or proton- capture, 
Oo 933 X 10 -lO .· '1' 
'I" ::: (e2) days, p pxH£17 817 T 
{Burbidge et aL., 1957) 
'T = 42.,48 { O~ 2 .A ) l/3 \z z.l """' 0 16 
p is the density of the medium; xH is the concentration by mass of 
hydrogeno The Z 1s are the a tomic numbers of the interacting nuclei, 
and A is the reduced mass of the system. 7 8 s17 ::: S 0 for Be (p, '{}B , 
and f17 is the screening factor mentioned above. 
The fraction {B8 /Be 7 ) was calculated in this manner over the 
range, 10:5 T 6 :5 30, using the following values £or the parameters 
( _Fowler, 1962}: 
s17 = Oo 030 ke V-barns 
XH ::: Oo 50o 
The fraction' of Be 7 terminations going through the Li 7 re-
action is thus 
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Li7 /Be 7 , 
and these two fractions may now be combined with the Be 7 /He 4 fraction 
to determine the fraction of the He 4 produced through each termination. 
In summary, therefore, 
_ .7/H 4 L1. e Be
? v .7 
.Ll 
= -- 4 ° --7 
He Be 
All three of these curves and the ratio, Be 7 /He 4 , are plotted 
1n Figure 26 to show the way that the importance of each t ermination 
varies with temperature. The dependence of the ratio Be 7 /He 4 on 
the relative abundances of helium andhyclrogen is shown in Figure 27 for 
the c ases of (XHe/XH} = 0. 25, 1. 00 and 2o 00. The first value corre-
sponds roughly to the initial conditions in the sun {Fowler, 1958), while 
the present sun as a whole falls near the value of 1. 00, approaching 
2. 00 at the center (Bahcall ~;talKI 1963). This indicates that in the 
/ 
pre sent sun, with an eiiective temperature of 15 x 10 ° °K {Fowler, 
3 7 1962), the proton-proton cha.in goes to completion through the He {a.,-y)Be 
reaction approximately one -half of the time. 
Once the fraction of He 4 produced through each termination i s 
known, it is of interest to calculate the way in which the rate of energy 
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production {R } also varies wi-th temperature because o f the differ-
. € 
ences in the He 4 -production r a tes of the various terminations and the 
diffe rences i n the effe ctive Q 1 s of those terminations due to the various 
neutrino energy losses. 
:a. 
Consistent with the fact that at high temperatures one He- is 
f Hl( + 'D2 produced or each p, f3 v) reaction and w ith the fact that the maxi-
rnw.-n effective Q for the completed chain is 26. 2 MeV, we may write 
R = F 0 E E 
€ 
pp 
whe r e 
€ = 26. 2 r MeV PP PP 0 
(This i s just twice the value given by Burbidge et a l. (1957) under the 
a ssumption that the only termination was the He 3 {He3 , 2p)He 4 reaction.) 
F c' the energy generation rate factor s imilar to F , can now 
a 
be Calculate d On the basiS OI a knOWledge Of the effective Q IS for eaCh 
L! 
termination a nd a knowledge of the fraction of He "" produced through 
eac h of thos e terminations as determined above . Hence , 
F = F [r l _ Be 7 ) 2 6o 2 + 
-E a \ He 4 . '"2b.2 ( 
L i Ll) 2 So 6 + ( B LL \ 19 . l • 7 . 8 J
H ..: 2b.2 . H _)Zb.Z e e . 
This curve -is plotted in Figure 28 with F , a nd, as is the case 
a 
of Fa' the r egion below T 6 = 10 is taken from- Fowle r (1960). 
The variation o:{ FIE ove r the r ange 5:::: T 6 ::5 30 can b e des-
cribed qualitatively as follows: 
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(1} At temperature s below 10 x 10 6 °K the p-p chain tends 
to terminate at t he D 2 (p, y)He 3 reaction, and F decreases , 
€ 
approaching at 5 x 10 6 °K a value o f 0. 2 55, the ratio of 
the effective Q for the formation of He3 from three pro -
tons (6. 68 MeV) t o the maximmn effective Q for t he cha in 
(26. 2 MeV}. 
(2} After equilibrium has been reached between the t e rmination 
reactions and the H1(p, i3 + v)D 2 r eaction i n t h e neighbor-
. 6 0 hood of 10 x 10 K, F becomes 0. 500 since at that point 
€ 
al~ of the t erminations go through t he He 3 (He 3 , 2p}He 4 
· 1 + 2 
reaction which requires two H (p, i3 v)D r eactions for each 
4 He produc e d. 
(3) As the tempera ture is increased, t he Li1 termination 
becomes increas i n gl y important, and, :requiring only one 
H1{p, i3 + v)D 2 reaction for each He 4 produced~ pushes 
up towards 0. 9U~ 
{4} As the temperature continues to increase , h oweve r, the 
onset and event ual domination of the B 8 termination, 
F 
€ 
with i ts l a r ge energy los ses due to the energetic 13-decay 
8 
of B , prevent F f ro'm re a c hing 0. 98, and after going 
€ 
.through a maxinlUm of 0 . 89 at j us t above 20 x 10 6 °K F € 
approaches a value of 0. 7 3, the ratio of effective Q o f 
the B 8 t ermination {19.1 MeV) to th~ maximum effective 
Q (26. 2 MeV). 
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SUMMARY 
The absolute eros s section f or the 3 7 He (a., '{)Be reac tion has 
been measured with a total error of ± 15% over the :range of center -
of - mass energie s from 181 keV to 2493 keVo Over this entire range 
these measu~ements have confirmed the direct-capture theories of 
C hristy and Duck (1961} and Tombrello and Phillips (196l)o The measure-
ments have been used to obtain a new val ue for the low-energy cross-
section facto r, S = 0.47 ± 0.07 k.eV-barns, for this reaction, and this 
0 
value of S has been used to recompute the effect of this reaction on 
0 . 
t he termination of the proton-p:roton chain in nuclear astrophysics. 
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APPENDIX I 
Gamma-Ray Spectrometry 
Although there are other ways of detecting gamma radiation, 
. such as geiger counters, ionization chambers, pair-.spectrometers, 
etc. , the inability of the first two devices to determine the gamma-ray 
energy without the use of a series of absorbers and the bulkiness of the 
last device together with its insensitivity to gamm.a radiation with 
energy below the pair-production threshold, as well as the low efficiency 
o£ all such devices , have made the use of scintillation phosphors with 
the ir high sensitivity to gamma radiation and the proportionality of their 
response to the energy of-the incident gamma ray, the standard method 
for detecting nuclear gamma radiation. 0£ the various scintillation 
phospho::..-s available , Nai(Tl) is the one accepted for general use when 
considering all the various characteristics of density, decay time and 
relative pulse height. For particular applications where one of these 
factors may be especially critical, however, the choice may be quite 
different. For instance, by going from Nai{Tl) to a liquid phosphor a 
reduction of the decay time by a factor of 100 is possible (Harshaw, 
1962). 
Ao Efficiency Calculations 
In general, given a source and a detector, in order to say any-
thing quantitative about how many interaction or decays take place in 
the t arget we must be able to say {1) ·how many gamma rays have inter-
acted with the crystal and {2) what fraction of the emitted gamma rays 
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inte ract with the Nai(Tl) crystal. Considering the s e c o nd p oint first, 
be c ause its solution is much n1.ore straightforward, we will discuss 
below the calculation of the efficiencies of Nai{Tl) crystals for detecting 
ga1nma rays. 
The probability of a ga:rnma ray interacting with a Nai(Tl} crystal 
l S -<Jp2} {l - e where <J is t he tota l cross section for s uch an inter-
action in (cm2 /g) as tabulated by Grodstein (1957), p is the density of 
Nai {3. 667 g/cm 3) and i is the length of the path which the gamma ray 
travels in the crystaL. For a particular source-crystal geometry and a 
particular gan1ma-ray energy we can then calculate the total efficiency 
{ ·CJ
0
) of the crystal by multiplying the probability of inte raction by the 
number of gamma rays per steradian (dN(GAl) }. dividing by the total 
number of such gamma rays (N
0
) emitted by the source and then inte-
grating the expression over the whole crystal. 
The number of gamma rays per steradian is given by, 
dN(e, 4>) :::: 
N 
L!. 
0 W(8 1 ¢} sin 8 d8 d</> ~Dfq 
w h ere W(8 , </>) depends on the angular distribution of the gamma rays 
emitted by the source. In the pre sent case efficiencies were calculated 
for the cases of isotropic and sin2e radiation patterns. 
dN{G, </>}isotropic = 
N 
0 
4or sin e d9 d¢ 
3N 
dN(8,¢}sin2e= -8 1T
0 
sin3 8d9d</> 
Thus,we can write 
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'llo{iso} = i s s [ 1 - e -apl (a, cf>)] sin a da de/>., 
crystal 
. 2 .. 3 ss 
,o(sln a) = 8v 
crystal 
In the present experiment the geometries of interest were (l) the well 
crystal with the beam axis (a = . 0°) along the axis of the crystal for 
both isotropic and sin2a radiation, (2} the solid crystal at 0° and 90° 
fo r isotropic radiation and {3) the solid crystal at 0° and 90° for 
sin2 9 radi.ation. In all but the last case {sin2 a at 90°} there is sufficient 
cylindrical symmetry so that .t (a, 1P} :z 1 (a), and we may write 
11 (iso.) :: 
0 
1
z ·s (1 - e -apl (a)) . i . a da s n , 
crystal 
'r]
0
{sin2 e @ 0°) = ! S · (1 -. . e ~apl {e))sin3 a da. 
crystal · 
In order to eliminate the c/>-dependence in the sin2a efficiency 
at 90° we can reexpress the integral as 
13 ' . 
2 . 3 s 0 (' 211 . . 2 - n (A) 
. 'r]
0
{sin a @ 90°} = 8'i' . dl3 jO da sin a sin 13{1- e CTpA. 1-' ) 
0 
whe re · a and .13 correspond to cf> and a respectively. in the crystal's 
coordinate system. Then after the method of Rose (1953) we can re-
. za express s1n . as 
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2 2 . . 
sin e = 3 {1 - p 2 ( c 0 s 0) } 
The1·efore, 
2 3 r 13o r 2 -rr 2 1 Q (13) 
11 
0
{sin e@ 90°) = Srr JO dj3 Jo da 3 [ 1 +2 P 2(cos {3)] sin {3(1 - e -ap... ) 
{3 
3 s o 02rr 2 -ap1 ({3) 
+ U~r 
0 
d {3 J 
0 
d a. 3 [ . . . co s a + • • • co s 2 a.] sin {3{1 - e ) • 
where the second double integral goes to zero on integration over a. 
Therefore, 
( r{3o 
= -~y \ (1 4 '"'0 e - ap.!?. {{3)} sin {3 d {3 
The integrals in que:>tion w e re evaluated n umerically u s ing 
pimpson~s rule on the Burroughs 1 220 computer, using the following 
' 
expressions for .i (eL (see Figure 6); 
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Well crystal: {Figure 6B) 
0° .s e:::: e1 1 (8) = b /cos e 
e1 :::: e < e2 .t {8) 
b+a Rl 
= cos e - sine 
e 2 :::: e .s e 3 1 (e) = (R2 - R1)/sin 8 
e 3 .se.se4 1 (e) 
b+a Rl 
= Ieos ar - Siil'1) 
Solid crystal: (Figure 6A) 
1 (8) = b/cos e 
1 {e) = · s! e - c:s e 
The efficiencies thus. calculated over the range of gamma-ray energies 
from O. 400 to 8. 00 MeV are presented in Figures 7, 8, 9, 11-14. 
Before leaving the problem of efficiency calculations, it should 
be noted that while the above calculations have assumed a point source, 
in the c~ses where the detector is at 0° (Figure SA) the target region 
in which the gamma rays are produced is actually a line source perpen-
dicular to the face of the crystal. The effective efficiency in this con-
figuration, assuming a uniform source, can be written as 
' b 
T}o = s 
a 
T} (x) dx / {b - a) 
0 
where (b - a) is the length of the line source. These calculations were 
also car:ded out for the present experiment bu:t were not considered of 
general enough interest to be presented in detail. 
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H aving thus determined 'l'J for all the cases of interest, it is 
0 
further necessary to apply absorbtion corrections to 'l']
0 
to take into 
account the loss of photons in the various materials qetween the target 
and the crystal, namely the platinum lirier in the targ~t chamber, the 
target chamber and the crystal housing, as well as the lead absorbers 
used in a few 'cases. This correction was performed by multiplying 'l'J 0 
-~cr K pK1K 
1 1 1 1 h . · d 1 are the termE e w e r e cr i, pi. an i by the attenuation factor, 
discussed previously for the various ·materials. 
Hence 
-~ cr.p . .€ . 
. l l 1 
= 'l'J e l 
. 0 
where 1. was taken as an average value of the thickness of material 
. l 
traversed by the gamma rays. An exact calculation of this attenuation 
would have required the expansion of J.. as J. .{a,¢), and the integration 
l 1 . 
of the expression over the solid angle of the crystal as 
S 1 J.{a ¢} -~crKpK£KEaI¢F , = 4ir W{a,¢}:[1- e-crp I ] e i l. l 1 sin ada d¢. 
crystal 
Since the a~tenuation correction typically amounted. to only about 2. So/o 
this exact calculation was considere d unnecessary and the approximate 
expression noted a bove was utilizedo 
In this way then, the number of gamma-ray interactions in the 
dete ctor was related to the number of gamma rays emitted by the source 
for a ll the situations encounte.red in the experiment, and we are now 
brought to the problem of deciding how many interactions t ake place in 
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the crystal. 
B. Response Function Determination 
1. Characteristics of Gamma-Ray Response Functions 
Given a monochromatic gamma-ray source, a Nai(Tl) detector 
and a pulse-height analyzer one soon discovers that the pUlse-height 
spectrum of the output of the scintillator is not characterized by a 
simple pulse-heig~t distribution. Instead, one finds that the output 
pi.llse-height distribution has as many as four or five peaks superimposed 
on a broad distribution stretching from zero-energy to almost the full 
photon en~rgyK See, for example, Figures 15 and 16. Furthermore, 
the number of peaks in this spectrum as well as their relative impor-
tance and shape and the magnitude of the broad, underlying structure, 
d_epends strongly on the gamma-ray energy, the size of _the crystal and 
the geometry involved. 
The complicated pulse-height distribution of the output of such 
a spectrometer is caused by the large variety of ways in which-a gamma 
ray can interact with the Nai(Tl) crystal. Evans (1955) lists the 
following four different kinds of interactions that the photons can have 
with matter: 
(1) Interaction with atomic electrons, 
{2) Interaction with nucleons, 
{3} Interaction with the electric field surrounding the 
nuclei and electrons, and 
{4} Interaction with the meson field surrounding the 
nucleons. 
-75-
In each of thes e interactions the photon may ·b e either fully absorbed~ 
e l as tica lly scattered or inelastically scattered~ thus providin g a total 
o f twelve different events that may occur. Only three of these turn 
o ut to b e important for the interaction of gamma rays with Nai{Tl) 
crystals~ in the energy range 0.400 :S E $; 4. 500 MeV. These are 
. . y 
(l) photoelectric absorbtion, {2) Compton scattering and {3) pair pro-
duction. Deta iled discussions of the nature of these intera ctions and 
their d e pendence on the energy of the incident gamma ray are available 
e l sewhere, _e. g. · Evans (1955), and there seems little to be gained 
from r e peating that information here. We will pause here only briefly 
to discuss the characteristic features of such a gamma-ray spectrum · 
and their origins in the various mechanisms by which the gamma ray 
can interact with the scintillator. 
In photoelectric events the entire energy of the incident photon 
is transfe rred to an atomic electron. If this electron is stopped within 
the scintillator the entire energy of the gamma ray is transferred to the 
crystalI:~ K and the output pulse of the spectrometer corresponds to the 
full energy of the incident quantum. If the size of the crystal is large 
compared to the range of the photo-ejected electron, then such full-
e nergy events will be the most likely result of a photoelectric inter-
action~ and one would expect the . output spectrum of such events to have 
a large peak at the' high energy end of the spe ctrum Eth~ full-energy 
peak) followed by a smooth tail stretching to lower energies and corre-
spending to cas e s where the electron escaped from the crystal before 
losing all its energy. 
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The range of such secondary electrons in Nai{Tl) is given 
approximately by Woodbury (1953) as, 
(1} E < 2 MeV, the range is 1. 2 mm/MeV. 
e 
(2) E > 3 MeV, the range is 1. 5 mm/MeV. 
e 
Hence, for an elect~on with an energy of 4 MeV (the maximum encountered 
in this experiment) the range is only of the order of 6 mm and is there-
fore much smaller than the crystal dimensions of three inches or ap-
proximately 7 5 inm. 
In Compton scattering the incident photon of energy (E ) is 
'{ 
scattered by an atomic electron through an angle a and degraded to an 
i 
energy {E } where y 
' :S E .· :S Ev 
"Y I 
the upper limit holding for the case of forward sc~ttering (a = 0°} 
where no energy is transferred to the crystal and lower limit for the 
case of backward scattering (a = 180°). The energy of the scattered 
electron is thus given by 
O:SE :S 
e 
and from this interaction one wot:<.ld thus expect some sort of a broad 
distribution of pulse-heights stretching from zero energy to some limit 
E 
or s houlder at . j Ev - y ·) The scatte red photon, however, still 
\ I 2E.. 0 
1 + __y_ 
m c2 0 . 
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has the possibility of further interacting with the crystal so as to 
eventually lose its entire energy to the crystal. Such events would 
yield further contributions to the full-energy peak discussed above. 
Finally, for the case of pair production the entire energy of 
the incident photon 'is transferred into an electron-positron pair. As 
discussed above if the size of the scintillator is large compared to 
the range s of the pair, their entire kinetic energy {E - 2m c 2 ) will 
. y 0 
be transferred to the crystal. The remaining 1. 022 MeV of the energy 
appears in the two 511-keV gamma rays arising from the annihilation 
of the created positron. qh~se two gamma rays are, of course, free 
to further interact with the scintillator or to escape from it completely. 
The latter situation will give rise to another peak in the pulse height 
spectrum l. 022 MeV lower than the full-energy peak which will be 
referred to as the double-escape peak. If one of the annihilation quanta 
loses its full energy to the crystal it will give rise to another peak 511 
keY b e low the full energy peak (the single-escape peakL and if both of 
the annihilation quanta are completely absorbed in the crystal the event 
will contribute a count to the full-energy peak. ·Further, of course,· 
these annihilation quanta may interact but not lose their entire energy 
to the crystal, undergoing Compton scattering and giving rise to additional 
Compton distributions between the double- and single-escape peaks and 
between the single-escape and full-energy peaks. The latter is, however, 
the position of the shoul~e r of the primary Compton distribution, and 
this will undoubtedly mask the secondary effect. 
Hence, in conclusion, starting from the full-energy peak we would 
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expect to find the following characteristic features in the pulse-height 
spectrum of a monoenergetic gamma ray, assuming that the range of 
all electrons and positrons is small compared to the crystal dimensions: 
(Naturally those stru.ctures applying to pair production will occur only 
for gamma rays whose energy is greater than the threshold for such an 
interaction, 1. 0 22 MeV.) 
(l) 
(2} 
(3) 
(4) 
('S) 
(6} 
the full-energy peak at {E ) with contributions from 
'Y 
. photoelectric events, Compton scattering events where 
the scattered quantum eventually loses its entire energy 
to the crystal and pair production events in which both 
of the annihilation quanta are totally absorbed in the 
crystal, 
the shoulder of the primary Compton distribution, 
the single-escape peak at (E - 511 ke V}, 
' 'Y 
the shoulder of the Compton distribution for one annihi- · 
lation quantum, 
the double-escape peak at (E - 1022 keY}, and 
'Y 
the tail of the primary Compton distribution. 
All ofthese features may indeed be seen in Figures 15 and 16, the re-
sponse fu:nctions of the crystals used in this experiment. 
It is ~nteresting to note one significant diffe rence 1n the appearance 
of the response functions of these two crystals inthe shape of the shoulder 
of the primary Compton. distribution; for the s.olid 3" x 3 n crystal this 
shoulder is .much sharper and more pronounced than for the 3" x 3 11 well 
crystal. This can easiiy b .e understood by realizing that events in this 
part of the Compton distribution arise from cases where the incident 
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photon is scattered backwards and the low-energy back- scattered 
quantum escapes from the crystal. In the case of the well crystal, 
since the source is in the center of the crystal, in almost all directions 
a back- scattered photon must travel through at least 1.125 inches of the 
crystal before completely escaping, whereas in the entire front one 
third of the solid 3 11 x 3 11 crystal it is possible for the back-scattered 
quanta to escape through less crystal than that. Hence, since the half-
thickness of Nal{Tl) to such a back- scattered quantum is approximately 
3/8 11 , in the weli crystal it is always extremely likely that the back-
scattered gamma ray will be absorbed in the crystal transferring the 
event from the Compton distribution to the full-energy peak. 
2. ~xperimental Measurement of Response Functions 
Given such a complicated spectral response, if only one gamma-
ray transition is involved {i.e. a monoenergetic source) the analysis of 
the spectrum, although somewhat indefinite, is none-the-less reasonably 
straightforward. When a second gamma-ray transition is added to the 
spectrum, however, any analysis of the two transitions must require a 
separation of the total spectrum into its two component spectra, one for 
each transition, each of which can then be handled independently as the 
spectrum of a monoenergetic source. Such a prerequisite separation 
canbe performed only if th~ response functions of the detector for the 
various gamma-ray energies are known, and since ?uch response 
functions are .highly dependent on E and ·the experimental arrangement, 
'Y . 
the only logical way to approach the problem is to obtain these response 
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functions experimentally u nde r conditions closely approximating those 
of the experiment to be analyzed. 
In the present case, since the gamma-ray energies encountered 
cover the range 0.432::::; E ::::; 4. 080 MeV, the response functions of y 
each of the various scintillators wer~ measured at a number of points 
covering this region so as to allow reasonably accurate inte rpolation for 
intermediate energies. The choice of the reactions to be u sed to obtain 
such functions is governed by the considerations (l) that there be no 
str.ong competing gamma radiation which might confuse the. de.sired 
function and (2) that the reaction be reasonably strong so that the sub-
traction of background can be accomplished with reasonable accuracy 
and reliability. On the basis of such considerati.ons the following re-
actions were chosen for various values of E covering the energy y 
range noted above: 
E 0.432MeV 10 7 ::: B (p, a.1)Be y 
1.277 MeV 19 22 F (a., p1)Ne 
l. 632 MeV 23 20 Na (p, ~Fke 
l. 980 MeV 018{ )018 p, pl 
2. 367 MeV cl2( )Nl3 p,y 
3. 51 MeV cl2( )Nl3 _p,y 
3.560MeV Be 9 (p, a.2)Li 
6 
4. 433 MeV Nl5(p, a.l)Cl2 
In each of these cases, runs on the target in question were made 
for a definite charge accumulation and then immediately followe d by 
background runs in the same geometry for an identical accumulation of 
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charge. Depending on the reaction, these background runs were made 
either at exactly the same energy on the target backing or on exactly the 
same target at a beam energy just slightly removed from the resonant 
energy. Because of the dependence of such response functions on the 
target--crystal geometry and shielding, all of these runs were taken in 
geor).l.etries as close as possible to those of the data-runs and with 
identical shielding. Dead time corrections were applied to each of the 
spectra by multiplying them by the ratio of the clock-time for the run 
to the live-time of the analyzer during the run. The background spectru~ 
was then subtracted -from the target spectrum, the net spectrum nor-
1nalized to 1. 000 at the top of the full energy peak and this spectrum then 
plotted as a function of (E - E ). Such a calibration: was carried out 
-y 
over the full range of energies listed above for the 3" x 3 11 crystal 
{Figure 15) and the 3 11 x 3 11 well crystal {Figure 16). A similar cali-
bration was performed for the zrr X z<:t crystal OVer the range from 
43 2 ke V to 661 ke V, since it wa~ used only in the coincidence experiment 
and then only in the energy region around 432 keV. 
The use of (E- E ) .as an abscissa was suggested by a paper of 
-y - - -
Oka;:w (1960). The actual decision to use this coordinate was made on 
the basis that in such a representation related structures {e. g. the single-
escape peaks) remain fixed thus eliminating all problems due to the - -
crossing of these structures as they move along the abscissa, making 
the interpolation functions monotonic and facilitating interpolation since 
as the gamma-ray energy is varied only one coordinate of the various 
structures changes, their height relative to that of the full-energy peak. 
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3. Calculation of Coincidence -Summing Response Functions 
Before discussing the use of these respons e functions to sort out 
cornplex gamma-ray spectra, we should pause a moment to describe 
how these single response functions can be combined to giye the coinci-
dence-sum response function ·corresponding to two single ~amma rays 
interacting with the crystal simultaneously to produc e a pulse-height 
dist1·ibution with a full-energy peak at an energy corresponding to the 
sum of the individual gamma-ray energies. It is clear that the proba -
bility of finding a count in a particular energy interval of the sum 
spectrum is just the sum of the probabilities of all possible coincidences 
which have a total energy inthat interval, where these latter probabilities 
are just determined by the individual response functions. Denoting the 
response function of a particular gamma ray as '11 - {E), 
'Yi 
this as 
E 
l 
E .=O 
l. 
'11 (E.) '11 (E-E.) • 
'Yl 1 "2 l. 
we can express 
For the case of three or more coincident gamma rays, the extension 
of this is clear, e. g._ for the case of three coincident gamma rays, 
E E-E. 1 -
'11'1 +y +y EbF=~ '11 {.E.)\ '11 (E .)'l! (E-E.-E.). 
1 2 3 L..J D~1 1 L "2 - J "3 1 J 
- E.=O E.=O 
1 J 
The Bur roughs t 220 was programmed to carry out this swnming for the 
case of two coincident gamma rays. the case encountered in the present 
expe riment with the cascade transition. 
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From the calibration described on the preceding pages one 
can then interpolate the response function at any intermediate gamma-
ray energy for a single gamma ray and produce the su..-n spectrum of 
the coincidence of any two such gamma rays. However, these response 
functions are normally limited to the high energy end of the spectra, 
-1. 20 Mes·~ (E - E ), because of the difficulties in obtaining calibra-
"Y 
tion spectra which are anywhere near accurate over their whole extent 
due to such problems as (1) the tremendous increase in background at 
the low-energy end of the spectrum, (2} the frequent occurrence of 
strong, low-energy transitions arising from Coulomb excitation of the 
target backing, (3) the near impossibility of finding calibrations in which 
there are no other gamma rays in the spectrum either from contaminants 
or from the target itself; or (4) the scattering of photons by material 
such as shielding in the vicinity of the crystal. This practical limitation, 
however, is not a complete tragedy, as a knowledge of the spectrum in 
just the high-energy region is usually quite sufficient. For quantitative 
work,· however, it will require additional knowledge as to what fraction 
of the total spectrum is in this high-energy region. 
C. Photo- Fraction Measurements 
As· one can easily see, it turns out that actually the only part of 
the spectrum which is not effected by the presence of heavy shielding 
around the crystal is the full-energy peak, since only those quanta which 
leave their entire energy in the crystal can contribute":to that peak. 
Hence, we must know the ratio~ (</> 
0
). of the counts in the full-energy 
peak, EvcfF~ to the total number of counts in the response function, in 
-84 -
order to relate the full- e n ergy peak to the n umber of gamma rays of that 
energy en'litted by t he sour ce , {N ). 
0 
To accornplish this the most difficult task is to obtain response 
fuacrions, in the absence of a ll scatter ing material, from which the total 
number of counts in the spectrum due to the ganuna ray can be deter-
lnined reliably. This was achieved in the present experiment by r e-
1noving all of the lead shielding and as 1nuch of the other mate ria l a s 
~:gossible from the vici nity o[ the c rystal. T he 1· esponse functions of the 
crystal were then redeter1nined u sing the same reacti ons and the sa1ne 
techniques l ist e d p r evi ously. T h e same problems were , of c ou rs e , en -
countere d in t h e low- e n e r gy 1·egio n of these spectra, t hus preventing 
an immediate d ete r m inati on of the total nu...-nbe r o£ counts i n the spec -
trum _. T he customary way •:)£ ge ttin g around this problern has been to 
use the spectrum as far back as possible and then use a horizont al 
extrapolation to zero - energy. Zerby a nd lvioran (1961), however , have 
pointed out a 1nore sen sible way to approach the problem by cal cul ating 
exactly the z ero - intercept of the response function and using thi s point 
to interpol ate the function through the region where it is distorted by 
the effects noted previousl y . The zero - intercept is subject to an exac t 
calculation since the only events which can give rise to a count i n that 
energy interval are events in which the incident gamma r a y is scattere d 
exactly forward g i ving up no energy to the crystal. 
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The 11number-energy" distribution of Compton electrons (i.e. 
the Cornpton distribution in a Nai(Tl) spectrum) can be expres sed as 
(Evans, 1955) 
where 
and where 
da da 
dT = dn 
2;r 
2 2 
a. m c 
0 
2 
[ 
(l+a.} 2 - a.2 cos 2 4> 
(l+a.) 2 - a.(2+a.)cos 2 4> 
·~f 2 
· da 
ern= 
r 
0 
2 
I .c., . 
. '{ ) y~ . . 
. '( 
2 a= E /m c 
'( 0 
E is the :initial gamma-ray energy, 
'( 
E .' is. the scatte r e d gamma-ray energy, 
'( 
e is the scattering angle of the photon, and 
4> is the scattering angle of the electron. 
As the energy transfer goes to zero, e- 0°; 4> - 90°, and it is clear 
that 
da _ 
dT 
? 2 Orrr~m c 
0 0 
Since we are interested in the number o f counts .in a finite energy region 
we can integrate this over the zeroth channel of the analyzer, a ss uming 
da /d T is roughly constant, to get 
TH · 
a( 0 channel) = 
2 2 2 rrr m c 
o o ( ..6-E . ) --b--IO~-- channel · · 
'( 
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The number of quanta incident on the crystal is given by 
Of these, 
N 
0 
4'!T 
N 
0 
4'!T 
e 
S2'!T s 0 dc/> d9 0 0 sin e. 
de -(Jp..e(e) . e e s1n 
have no other in~eraction with the crystal. The number of available 
electrons/em 2 in the crystal is just N • 2. (8) where N is the electron 
e e 
derisity. Therefore, t:Q.e numbe:;: of zero-energy interactions is given by 
N N 2 2 9 
_e2_o ( 2'!T _r_o_m_o.,..c_ ) (.6-E ) (' o.P. (8)e -<Jp.£ (8} sin 8 
\ E2 · channel .) 0 . 
de, 
"' 
and the fraction (f ) of a response function in the last channel becomes 
0 
£ = 
0 · 
N '!Tr 2m c2 e r' o P.{G} 
_e __ . 0--=_o_ (.6-E ) \ J. (8}sin 8e -<Jp . d8. 
EZ channel .) 0 
iJ "' 
£
0 
was evaluated numerically on the Burroughs 1 220 computer 
using the expressions for .R. (8) listed previously. From f the zero 
0 
intercept of a response function can be determined by a process of 
iterative integrations of the functiono 
With the zero-intercept determined, the total number of counts 
in the 11 free'-crystal 11 response function can then be determined and thus 
the photo-fraction, c/>
0
• This was carried out for the crystals used in 
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this expe rim.ent and the resulting photo-fractions are shown graphi-
cally in Figures 10 and 14. 
From the combination of these calculations of the efficiency 
(i\} and the photo-fraction (¢ ) into the photo-efficiency (TJ¢ ) together 
0 0 
with the response-function calibration of the crystals, we are thus in a 
position, given a complex spectrum, to sort out the various gamma-
ray contributions and from the area of their full-energy peaks deter-
mine the number of each of the gamma rays erp.itted from the target. 
All of this sounds fine on paper and is in any event the most 
sensible way to approach the problem of dete.rrr..ining absolute gamma-
ray yields. In the present experiment, however, a serious difficulty 
was found in a comparison of the absolute determinations of the 3 11 x 3 11 
solid and the 3 11 x 3" well crystals. This co1nparison indicated that 
the photo-efficiency of one of the crystals was off by approximately 
15 to 20%, independent of gamma-ray energy. A check against other 
crystals indicated that the trouble was probably in the well crystal, and 
so the photo-efficiency of the well crystal was measured directly at one 
ene1·gy to check with the photo-efficiencies derived above. 
This measurement was carried out at a gamma- ray energy of 
l. 277 MeV using a Na 22 source. The source was placed in the well 
crystal and two 3 11 x 3n Nai( Tl) crystals placed on either side of the 
well crystal. A coincidence was then required between a 5ll ke V 
annihilation quantum in- each of the 3 11 x 3 11 crystals, using the same type 
of fast-slow coincidence mixer described in Part III. of the text. The 
well-crystal spectrum was stored in the multi-channel analyzer gated 
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by the c·oincidences of the two annihilation quanta. Background runs 
0 
were made with the two 3 11 x ::. ll crystals at 90 to each other to remove 
real coincidences that were not double-annihilation coincidences. Ran-
don1. coincidences were removed using the singles spectrum. For every 
double-annihilation coincidence the re was a possibility (just the photo-
efficiency} of there being a count stored in the multi-channel analyzer 
l.n the full-energy peak of the l. 277 MeV gamma ray spectrum. The 
photo:-eHiciency ('l¢ 
0
) is thus just the ratio of full-energy counts to 
double-annihilation coincidences. This measurement gave 
11¢ (l. 277 MeV} = 0.167 ± 0. 001. 
0 
This, compared to the value of 0.144 d etermined for 71¢ . by a calcu-
o 
lation of 'l and a measurement of cp as described previously, shows 
0 
just the expected discrepancy of 16.1 o/o in the proper direction to make 
the .two crystals now agree in their absolute determinations. · No explana-
tion for this discrepancy with the well crystal has been found. The 
measured point, corrected upwards to ('l cp = 0.17 2) is plotted in 
0 0 
Figure 14 and a line drawn through it parallel to the other 11 -cp line · · 
. 0 0 . 
indicating a 16.lo/o ~orrection applied uniformly at all energies, in line 
with the fact that this discrepancy was observed to be independent of 
gamma-ray energy. 
Thus, in conclusion, it can be said that with the techniques des-
cribed in this appendix each of the crystals used in the experiment des-
cribed in the body of this thesis was calibrated so that complex spectra 
could be sorted out, and so that from the full-energy peaks o.f the resulting 
-89-
components the absolute number of gamma decays occurring in the target 
could be determined. 
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TABLE I: 
-93a-
Expe rimental Total Cross Sectio;s (cr Total) and Cros s-
Section Factors (S (E) ) for He (a, y)Be 7 as a Function 
of the Center-of-Mass Energy (E ). 
em 
The total cross sections are derived from the ganJ.m.a-ray 
spectra as described in Part IV (A). The la s t column notes the method 
of analysis used in each case: 11 L. S. rr- l east-squares analysis, see 
p a ge 3 6 , 11 F . E. 11 - analysis of only the f ull -energy peak, see page 
42 , and "In t. 11 - analysis of the integrate d spectrum, s ee page 42. 
See text page 54 and Figure 21. 
S(E) is the cross-section factor d e fined by Burbidge e t al. 
(1957). See text page 59 .and Figure 25. 
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TABLE I 
E . (J S(E ) Notes 
CIU Total em 
(kcV) (JJ.- Barns) {ke V- Barns) 
1 81 ± 20 o. 018 ± o. 007 o. 631 ± o. 432 F 4' . ......, . 
280 ± 20 o. 092 ± o. 014 o. 459 ± o. 145 F. E . 
290 ± 20 o. 101 ± o. 013 0. 440 ± 0 . 1 2 9 F. E. 
370 ± 19 o. 205 ± o. 027 o. 378 ± o. 080 Int. 
384 ± 19 0. 24 7 ± 0. 03 2 o. 404 ± 0 . 084 Int. 
407 ± !9 o. 282 ± o. 031 0 . 385 ± 0 . 069 Int. 
407 ± 19 0. 324 ± o. 045 o. 442 ± o. 088 Int. 
415 ± 19 o. 322 ± o. 027 o. 4!L..l: ± o. 071 F. E . 
486 ± 23 0 . 415±0.04A:: o. 340 ± o. 056 L. S. 
515±!9 o. 546 ± o. 058 o. 383 ± o. 055 L. S. 
' 523 ± 19 o. 587 ± o. 059 o. 396 ± o. 054 L . S . 
5Ll5 ± 20 o. 589 ± o. 048 0 . 358 ± O.OL.i:9 F . E . 
595 ± 22 o. 732 ± o. 073 0 . 359 ± 0.048 L. S. 
596 ± 22 o. 690 ± o. 071 0 . 337 ± 0 . 046 L. S . 
600 ± 22 o. 761 ± o. 070 0.366±0.048 L. S . 
625 ± 23 o. U~4 ± o. 066 o. 356 ± o. 046 F. E. 
708 :± 22 I. 009 ± o. 078 o. 337 ± o. 040 F . E. 
708 ± 3 ! o. 904 ± 0. 081 o. 302 ± o. 041 L. S . 
713 ± 26 o. 962 ± o. 077 o. 316 ± o. 040 F. E . 
747 ± 24 I. 007 ± o. 092 o. 301 ± o. 036 L. S . 
7 53 ± 25 o. 971 ± o. 089 o. 286 ± o. 034 L. S. 
795 ± 23 I. 145 ± o. 104 o. 303 ± o. 034 L. S. 
803 ± 26 1. 209 ± o. 094 o. 314 ± o. 037 F. E. 
804 ± 23 I. 0 17 ± 0 . 0 94 o. 264 ± o. 030 L. S. 
838 ± 37 I. 1 64 ± 0. 1 0 1 o. 279 ± o. 036 L. S . 
868 ± 29 I. 299 ± 0.113 o. 293 ± o. 034 L. S . 
898 ± 32 l. 453 ± o. 110 o. 308 ± 0 . 036 F . E. 
923 ± 28 1.286±0.113 o. 260 ± o. 029 L. S. 
924 ± 28 1.362±0.119 o. 275 ± o. 03 1 L. S. 
955 ± 34 '1.302±0.125 o. 249 ± o. 029 L . S. 
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TABLE I (Cont.) 
E 
em 
(keV) 
1038 ± 33 
10{1 ± 30 
1093 ± 32 
1138 ± 28 
1 H :l ± 31 
1145 ± 31 
1243±30 
1243 ± 30 
1.248 ± 30 
1248 ±30 
1 34 0 ± 28 
1343 ± 28 
1 343 ± 26 
1353 ± 29 
1553 ± 24 
1618 ± 26 
1638±2.6 
2096 ± 23 
2111±23 
211.3 ± 23 
2143 ± 23 
. 2493 ± 22 
(J 
Total 
(!J.-Barr:.s) 
1. 706 ± o. 148 
l. 7 44 ± 0. 1 3 3 
1. 530 ± o. 134 
l. 965 ± 0.150 
1.805 ± 0.15 6 
l. 709 ± o. 147 
2.057±0.1 75 
l. 684 ± o. 148 
l. 768 ± o . 153 
l. 9 84 ± 0. 1 7 1 
l. 814 ± o . 157 
2. 0 0 9 ± 0. 17 4 
2. 596 ± 0 .1 97 
2 . 201 ± o. 188 
3. 035 ± o. 231 
2. 810 ± o. 245 
2. 813 ± o. 244 
3 . 717 ± 0. 3 24 
3. 427 ± o. 308 
3 . 787 ± o. 329 
3 . 767 ± o . 327 
3 . 9 03 ± o. 508 
Coinc ident Measurement: 
E = 13 7 8 ± 2 9 ke v 
em 
S{E ) 
em 
(ke V- Bar ns) 
o . 286 ± o. 032 
o. 291 ± o. 032 
o. 237 ± o . 026 
o . 287 ± o. 030 
o. 263 ± o . 028 
o . 248 ± o. 027 
o. 266 ± o. 028 
o .. 218 ± o.o23 
o. 228 ± o . 024 
o. 255 ± o . 027 
o. 213 ± o. 022 
o. 235 ± o. 024 
o . 304 ± o. 031 
o . 2s6 ± o . o26 
o. 301 ± o . 031 
0 . 267 ± o. 027 
o. 264 ± o. 027 
o. 279 ± o. 028 
o. 25 6 ± o. 026 
o . 282 ± o . 028 
0 . 278±0. 028 
o. 259 ± o. 034 
Notes 
L . S. 
F . Eo 
L. S . 
LoS. 
L. S . 
F. E. 
L. S. 
L. S. 
. F . E. 
L. S. 
F. E . 
L . S. 
F •. E . 
· F. E . 
F . E. 
F . E . 
F.'E. 
F. E . 
F. E. 
o-(-y 2 ) == 0. 684 ± .0 •. 062 ~gK-barns I- o-Total = 2. 507 ± 0. 355 IJ. - barns 
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FIGURE l : Energy Level Diagram of Be 7 (L.au:;:itsen, 19 6 2) 
This diagram indicates the Q - values involved in the present 
expe xirnent as. well as the locations.- spins and parities of the levels 
refe rred to in the text. The gamma ·i:ransitions r efe rred to in the 
·cext as '.'1' y 2 and y 3 are labelled. 
See text pages 31 arid 3 5 . 
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This is a sche:m,atic representation of the m ani fo l d system u sed 
fo r filling the target with the appropriate gas and m easuring the gas 
}Y<: e ssure in the t a rget. Points 0 and @ are connected to 
the con·e sponding points in Figu res 2 and 3 . 0 ' s mark the 
location of Hoke need le val ves . 
Se e text page 19. 
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FIGURE 5: Target-Detector GeoD.J.etry 
In (A) the target-detector geometry of the 3 11 x 3 11 Nai( Tl) 
is indicated for the runE; made at 0° and 90°. The location of 
t h e 2 11 x·.zn crystal used for the coincidence run with the 3 11 x 3 ;1 
crystal a t 90° is a lso shown. See text pages OP~ 28, 31 and 72. 
In (B) the target-detector geornetry is shown for the well 
crystal. See t ext pages 23 and 28. 
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c 1·ys t a l (B) . The symmetry axis of thes e cylindrical cry s tals is 
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FIGURE 10: Photo-Fraction for 3 11 x 3 11 Nai(Tl) Crystal 
The experimentally determined photo-fractions ar~ plotted 
fo :r the 3 11 x 3 11 Nal( Tl) crystal as a function of gamma-ray energy, 
and a smooth ·curve drawn through the points for interpolation. 
These measurements were made with the crystal completely un-
shielded and approximately 7 /16n from the target spot at 90° to 
the incident beam. 
See text page 87. 
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FIGURE 17: Alpha-Particle Stopping Cross Sections 
The alpha-particle stopping eros s sections (E ) for helium gas 
a. 
a nd nickel are plotted as a function of alpha-particle ene rgy {E ). 
a. 
These 
stopping eros s sections were obtained by conversion from the proton 
s topp ing eros s sections of Whaling (1958) by the relation 
E 
c:: (E ) = R E { 3 .0.97 ) 
a. a. a.p 
where R 1s the effective squared-charge as also listed by Whaling 
a. 
(19 58) . 
See text page 25. 
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FIGURE 18 : Gamma-Ray DopPler Shifts 
The calculated maximum Doppler shift {.C.E = E {0°) - E ) 
'( '( '( 
for 3 7 gamma rays from the He (a, y) Be reaction is plott~d as a 
func tion of gamma-ray energy (E ). The measured Doppler shift 
'( 
is indicated at four points, showing the effect of the large solid 
. 0 
angle of the crystal at 0 in slightly decreasing the observed shift 
c'ompared to the shift calculated .at 0°. 
See text page 30. 
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. FIGURE 19: Data Reduction I 
Figures 19 and 20 represent graphically the steps of data 
reduction for the case where E = 3. 25 MeV with the 3 11 x 3 1' 
a 
Nal( Tl} crystal at 0° with respect to the alpha-particle beam. 
( ><' ~cn1 = 1248 keV, E 1 = 2890 keV and E 2 ;:: 2458 keV). "Y "Y . 
Figure l9(A) shows the appearance of the total spectra for 
the 3 4 runs on the He . target and f<:n the runs on the He target, 
(approximately 1500 !J.C each}. 
Figure l9(B) shows the net experimental spectrum remaining 
when the He 4 spectrum is subtracted from the 3 He spectrum. 
Note the good agreement between the spectra in the region above 
channel 96, beyond the full-energy peak of -y1• 
See text page 35. 
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FIGURE 20: Data Reduction II 
The net experimental spectrum of Figure 19(B) is plotted for 
cornparison with the computed1. least-square s fit (curve (1) ) obtained 
using r esponse functions interpolated from Fi gure 15. Curve (2} is 
the 1·esponse function of a monoenergetic gamma ray with E = 2890 y 
kes~ the crossover transition. Curve (3 ) is t h e cascade response 
function for two gamma rays with E = 2458 keV and 432 kes~ the y 
cas cade transition. Curve (4) i s just that pa1·t of (3 ) which is due to 
sum.rningo The normalizations of curves (2) and {3) a re determined 
by t he l east-squ are s fit. Curve (1) i s then just the sum of {2) and (3). 
The cross sections for the ground-state (y1) transition and 
the cascade (y 2 + y 3) transition are now determined from these 
curves by assuming that the full - energy peaks are symmetric and 
determining the full- e nergy peak yields as 
500 kev 
'\"' 
YA._ = 2 / . N . (E -E ) 
't' I...J 1 '{;, 
1 ( E -E )>0 .:. 
'\! 
'1 
£rorn curves (2) and (3) r espe ctive lyQ These yields are then related 
to the cross sections using the appropriate efficiencies and photo-
f r actions . 
Note the contribution of the s umming events to the full - energy 
p eak and the l ack of resolution of the various secondary pea~s in the 
total r e spans e function . 
S e e text page 38 . 
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FIGURE 24: Angular Distribution Coefficients 
The differential cross section has been shown to be of the 
form! 
dcr{G) 
ern- = 
The predicted behaviors of ~~ a 2 , a 3 and a 4 are shown in 
this graph as functions of the bomabrding ene rgy (E ) for a nuclear 
a 
radius of 2. 80 f. It is clear that over this whole region the coefficients 
re main fairly s mall. The behavior of the '11-coefficients 
energy end o f the curves is caused by tbe approach of the 
1n Be7 at E == 6. 88 MeV. 
a 
See text page 59. 
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